University of South Florida

Scholar Commons
Graduate Theses and Dissertations

Graduate School

7-2-2019

Design of Variable Wall Thickness Geometry and Performance
Mapping of Scroll Expanders for Distributed Power Generation
Arun Kumar Narasimhan
University of South Florida, arunji88@gmail.com

Follow this and additional works at: https://scholarcommons.usf.edu/etd
Part of the Mechanical Engineering Commons, and the Oil, Gas, and Energy Commons

Scholar Commons Citation
Narasimhan, Arun Kumar, "Design of Variable Wall Thickness Geometry and Performance Mapping of
Scroll Expanders for Distributed Power Generation" (2019). Graduate Theses and Dissertations.
https://scholarcommons.usf.edu/etd/8393

This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has
been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Scholar
Commons. For more information, please contact scholarcommons@usf.edu.

Design of Variable Wall Thickness Geometry and Performance Mapping of Scroll Expanders for
Distributed Power Generation

by

Arun Kumar Narasimhan

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Chemical and Biomedical Engineering
College of Engineering
University of South Florida

Major Professor: Dharendra Yogi Goswami, Ph.D.
Elias Stefanakos, Ph.D.
Punit Singh, Ph.D.
Babu Joseph, Ph.D.
Scott W. Campbell, Ph.D.

Date of Approval:
April 29, 2019

Keywords: organic Rankine cycle, geometric modeling, volume ratio, expander efficiency,
dimensionless numbers
Copyright © 2019, Arun Kumar Narasimhan

DEDICATION

I dedicate this work to my parents Narasimhan Arunachalam and Santha Viswanathan and
the rest of my family for their support and encouragement throughout my course of study.

ACKNOWLEDGEMENTS

I would like to thank Dr. D. Yogi Goswami for providing me the opportunity to conduct
research in this topic and for his supervision and motivation throughout the duration of my
Doctoral Research. His guidance has made me a better researcher and ability to confidently
approach any research challenge methodically. With his support, I was able to participate in an
Indo-US SERIIUS Exchange Scholar Program at the Indian Institute of Science (Bengaluru).
I would also like to extend my gratitude to my doctoral committee members, Dr. Elias
Stefanakos for helping me define my research problems, Dr. Babu Joseph for his valuable inputs
to the component modeling in this research, and Dr. Campbell for his suggestions to my research
and teaching advanced concepts in Chemical Engineering Thermodynamics. Special thanks to Dr.
Punit Singh for hosting me at IISc Bengaluru and constant support and brainstorming research
ideas in the past few years. I would like to thank Dr. Chand Jotshi for his support during my
Doctoral program and Ms. Barbara Graham for her assistance and motivation along this journey
and reviewing this document. Finally, I would like to thank Dr. Sanjay Vijayaraghavan for his
definitive and unambiguous feedback during my tenure at Siemens, which was instrumental to
address my weaknesses.
I am very thankful to my friends and colleagues, Chatura, Rajeev, Francesca, Kelly, Eyd,
Diego, Ying, and Martina at the Clean Energy Research Center lab for their valuable inputs to my
work and countless brainstorming sessions. I would also like thank my friends outside the lab, to
name a few, Poulomy, Subbu, Sathya, and Vishalini for their moral support during this process.

TABLE OF CONTENTS
LIST OF TABLES ......................................................................................................................... iv
LIST OF FIGURES .........................................................................................................................v
ABSTRACT ................................................................................................................................... xi
CHAPTER 1. INTRODUCTION ...................................................................................................1
1.1 Organic Rankine Cycles ............................................................................................ 1
1.2 Supercritical Organic Rankine Cycle......................................................................... 4
1.3 Organic Working Fluids ............................................................................................ 4
1.4 Expansion Devices ..................................................................................................... 5
1.4.1 Analysis ....................................................................................................... 8
CHAPTER 2. LITERATURE REVIEW ......................................................................................11
2.1 History of Scroll Devices ......................................................................................... 11
2.1.1 Learnings from the Scroll Compressor Industry ....................................... 12
2.1.2 Constant Wall Thickness Geometry.......................................................... 14
2.1.3 Variable Wall Thickness Geometry .......................................................... 16
2.2 Early Experimental Works using Modified Scroll Expanders for ORC
Applications .................................................................................................... 18
2.3 Experimental Works using Scroll Expanders .......................................................... 25
2.4 Literature Gap and Research Challenges ................................................................. 26
2.5 Research Objectives ................................................................................................. 28
CHAPTER 3. SCROLL EXPANDER MODELING....................................................................30
3.1 Scroll Expander Geometry Model ........................................................................... 30
3.2 Leakage Models ....................................................................................................... 32
3.2.1 Radial Leakage .......................................................................................... 32
3.2.2 Radial Leakage Area Calculation .............................................................. 33
3.2.3 Flank Leakage ........................................................................................... 36
3.3 Under- and Over-expansion Losses ......................................................................... 36
3.4 Mechanical Losses ................................................................................................... 37
3.4.1 Friction between Scrolls ............................................................................ 37
3.4.2 Losses from Journal Bearing ..................................................................... 39
3.4.3 Losses from Thrust Bearing ...................................................................... 39
3.5 Expander Performance Model ................................................................................. 40
3.6 Expander Performance Model Validation ............................................................... 43
3.7 Effect of RPM on Expander Efficiency ................................................................... 44
3.8 Effect of Leakages on Expander Efficiency ............................................................ 45

i

CHAPTER 4. SCROLL EXPANDER PERFORMANCE MAPPING ........................................46
4.1 Motivation ................................................................................................................ 46
4.2 Dimensionless Parameters ....................................................................................... 47
4.3 Methodology ............................................................................................................ 48
4.4 Working Fluids Selection ........................................................................................ 51
4.5 Results and Discussion ............................................................................................ 53
4.5.1 Fluid Screening Based on Required Expansion Ratio .............................. 53
4.5.2 Effect of Aspect Ratio ............................................................................... 55
4.5.3 Performance Mapping using Ns-Ds Diagram ............................................ 56
CHAPTER 5. NOVEL APPROACH TO VARIABLE WALL THICKNESS SCROLL
DESIGN ...................................................................................................................................65
5.1 State-of-the-art Modeling Approach for Variable Wall Thickness Designs ........... 65
5.2 Motivation ................................................................................................................ 67
5.3 Novel Approach to Variable Wall Thickness Design .............................................. 69
5.4 Minimum Thickness Relation to Material Deflection ............................................. 70
5.5 Variable Wall Thickness Function........................................................................... 71
5.5.1 Design of Variable Wall Thickness Scrolls .............................................. 72
5.6 Design Performance Comparison ............................................................................ 75
CHAPTER 6. DYNAMIC MODELING OF SUPERCRITICAL CYCLES USING
SCROLL EXPANDER WITH SOLAR HEAT SOURCE ......................................................82
6.1 Motivation ................................................................................................................ 82
6.2 Methodology ............................................................................................................ 83
6.3 Physical Modeling of Supercritical ORC and its Components ................................ 84
6.3.1 Pump Model .............................................................................................. 84
6.3.2 Evaporator and Recuperator ...................................................................... 84
6.3.3 Scroll Expander Model and Performance Characteristics......................... 85
6.3.4 Condenser Model ...................................................................................... 86
6.3.5 Heat Source Model .................................................................................... 86
6.4 Steady-state Supercritical Rankine Cycle Model .................................................... 87
6.4.1 Steady-state Optimization ......................................................................... 88
6.4.2 Control Strategies to Maximize Cycle Energy Efficiency ........................ 90
6.5 Solar Field Modeling ............................................................................................... 91
6.5.1 Controllers ................................................................................................. 92
6.6 Dynamic Modeling with Solar Heat Source ............................................................ 92
CHAPTER 7. CONCLUSION AND FUTURE WORK ............................................................103
7.1 Summary and Conclusion ...................................................................................... 103
7.2 Future Work ........................................................................................................... 106
REFERENCES ............................................................................................................................108
APPENDIX A. NOMENCLATURE .........................................................................................116
A.1 Key Process Parameters ......................................................................................... 116
A.2 Acronyms ............................................................................................................... 117
A.3 Symbols.................................................................................................................. 117
ii

A.4 Subscripts ............................................................................................................... 118
APPENDIX B. COPYRIGHT PERMISSIONS .......................................................................120
APPENDIX C. DYNAMIC MODELING RESULTS FOR MARCH AND
SEPTEMBER ........................................................................................................................122
ABOUT THE AUTHOR ............................................................................................... END PAGE

iii

LIST OF TABLES

Table 2.1:

Literature review of scroll expander experimental performance ...............................21

Table 4.1: Properties of selected working fluids with low global warming potential ................52
Table 4.2: Range of simulation parameters ................................................................................54
Table 5.1: Common geometric parameters for all designs .........................................................74
Table 5.2: Performance comparison of all scroll designs for propane and R433C ....................78
Table 6.1: Design parameters of the scroll expander for propane and R433C ...........................86
Table 6.2: Parameter ranges for cycle optimization for both R433C and propane.....................88
Table 6.3: Optimization results for both working fluids.............................................................89
Table 6.4:

Solar field key parameters .........................................................................................92

iv

LIST OF FIGURES

Figure 1.1: Block diagram of organic Rankine cycle ....................................................................1
Figure 1.2: Organic Rankine cycle T-s diagram ............................................................................2
Figure 1.3: T-s diagram of the supercritical organic Rankine cycle ..............................................3
Figure 1.4: Fluids exhibiting different slopes in vapor saturation curves ......................................6
Figure 1.5: Performance mapping of turbines and positive displacement expanders by
Balje ............................................................................................................................7
Figure 1.6: Expander selection analysis for small-scale power outputs ........................................8
Figure 1.7: Isentropic efficiencies in the literature for different turbomachines ...........................9
Figure 2.1: A scroll expander with constant wall thickness ........................................................12
Figure 2.2: Basic involute angles of scroll geometry ..................................................................13
Figure 2.3: A scroll expander with decreasing wall thickness.....................................................17
Figure 2.4: Modified scroll expander efficiency as a function of normalized expansion
ratio............................................................................................................................19
Figure 3.1: Constant wall thickness scroll geometry ...................................................................30
Figure 3.2: Decreasing wall thickness scroll geometry ...............................................................30
Figure 3.3: Evolution of chamber volume in a scroll expander ...................................................31
Figure 3.4: 3D representation of constant wall thickness scroll geometry ..................................31
Figure 3.5: Radial leakage illustration .........................................................................................32
Figure 3.6: Flank leakage illustration ..........................................................................................33
Figure 3.7: Radial leakage illustration .........................................................................................33
Figure 3.8: Distance between the mating scrolls .........................................................................34
v

Figure 3.9: Radial leakage length as a function of orbiting angle ...............................................35
Figure 3.10: Radial leakage area as a function of orbiting angle ...................................................35
Figure 3.11: Impact of oil fraction on scroll expander efficiency .................................................38
Figure 3.12: Scroll expander performance validation....................................................................42
Figure 3.13: Effect of rotational speed on expander efficiency .....................................................43
Figure 3.14: Effect of leakage gaps on scroll expander efficiency ................................................44
Figure 4.1: Balje's turbomachinery diagram using dimensionless parameters ............................47
Figure 4.2: Evolution of chamber volume with orbiting angle (in degrees) ................................49
Figure 4.3: Algorithm for performance mapping of scroll geometries using Ns and Ds
diagram ......................................................................................................................51
Figure 4.4: Required expansion ratio for different working fluids ..............................................53
Figure 4.5: Expander efficiency as a function of aspect ratio......................................................55
Figure 4.6: Performance maps of R433C at 150oC......................................................................57
Figure 4.7: Performance maps of R433C at 200oC......................................................................58
Figure 4.8: Performance maps of R433C at 250oC......................................................................58
Figure 4.9: Pressure profile with changes in orbiting angle ........................................................59
Figure 4.10: Performance maps of propane at 150oC ....................................................................60
Figure 4.11: Performance maps of propane at 200oC ....................................................................60
Figure 4.12: Performance maps of propane at 250oC ....................................................................60
Figure 4.13: Scroll expander application domain overlaid on Balje's turbomachinery
diagram ......................................................................................................................61
Figure 4.14: Performance maps of R432A at 200oC .....................................................................62
Figure 4.15: Performance maps of R432A at 250oC .....................................................................62
Figure 4.16: Performance maps of R433A at 150oC .....................................................................62
Figure 4.17: Performance maps of R433A at 200oC .....................................................................62
vi

Figure 4.18: Performance maps of R433A at 250oC .....................................................................63
Figure 4.19: Performance maps of R433B at 200oC......................................................................63
Figure 4.20: Performance maps of R433B at 250oC......................................................................63
Figure 4.21: Performance maps of R511A at 200oC .....................................................................63
Figure 4.22: Performance maps of R511A at 250oC .....................................................................64
Figure 4.23: Performance maps of propylene at 150oC .................................................................64
Figure 4.24: Performance maps of propylene at 200oC .................................................................64
Figure 4.25: Performance maps of propylene at 250oC .................................................................64
Figure 5.1: Mathematical description of scroll geometry ............................................................65
Figure 5.2: Algorithm for variable wall thickness geometry modeling .......................................68
Figure 5.3: Required minimum wall thickness along the expander.............................................70
Figure 5.4: Scroll wall thickness as a function of the discretized points of arc length ................71
Figure 5.5: Decreasing wall thickness [Design D] ......................................................................73
Figure 5.6: Constant wall thickness [Design C] .........................................................................73
Figure 5.7: Increasing wall thickness [Design I] .........................................................................73
Figure 5.8: Chamber volume for design D as a function of orbiting angle .................................74
Figure 5.9: Chamber volume for design C as a function of orbiting angle .................................75
Figure 5.10: Chamber volume for design I as a function of orbiting angle ...................................75
Figure 5.11: Comparison of losses in the design D for propane ....................................................77
Figure 5.12: Pressure changes for design D...................................................................................78
Figure 5.13: Temperature changes for design D ............................................................................78
Figure 5.14: Enthalpy changes for design D ..................................................................................79
Figure 5.15: Density changes for design D ....................................................................................79

vii

Figure 5.16: Pressure changes for design C ...................................................................................79
Figure 5.17: Temperature changes for design C ............................................................................79
Figure 5.18: Enthalpy changes for design C ..................................................................................80
Figure 5.19: Density changes for design C ....................................................................................80
Figure 5.20: Pressure changes for design I ....................................................................................80
Figure 5.21: Temperature changes for design I .............................................................................80
Figure 5.22: Enthalpy changes in design I .....................................................................................81
Figure 5.23: Density changes in design I .......................................................................................81
Figure 6.1: Methodology for dynamic performance modeling ....................................................83
Figure 6.2: Expander performance as a function of pressure ratio ..............................................85
Figure 6.3: Steady state model with water as HTF and propane as WF ......................................87
Figure 6.4: Recuperator added to preheat the working fluid .......................................................88
Figure 6.5: Solar field integrated with the power cycle ...............................................................90
Figure 6.6: Solar radiation data for June 15 and December 15 ...................................................91
Figure 6.7: Variation of HTF fluid flow rate with DNI changes .................................................94
Figure 6.8: System efficiencies using control strategy I for propane on June 15 ........................94
Figure 6.9: Heat in and net work output using control strategy I for propane on June 15 ..........95
Figure 6.10: System efficiencies using control strategy I for propane on December 15 ...............95
Figure 6.11: Heat in and net work using control strategy I for propane on December 15 ............96
Figure 6.12: System efficiencies using control strategy I for R433C on June 15 .........................97
Figure 6.13: Heat in and net work using control strategy I for R433C on June 15 .......................97
Figure 6.14: System efficiencies using control strategy I for R433C on December 15 ................98
Figure 6.15: Heat in and net work using control strategy I for R433C on December 15 ..............98

viii

Figure 6.16: Expander efficiency compared for control strategies I and II for R433C and
propane ......................................................................................................................99
Figure 6.17: System efficiencies using control strategy II for propane on June 15 .....................101
Figure 6.18: System efficiencies using control strategy II for propane on December 15 ...........101
Figure 6.19: Heat in and net work using control strategy II for propane on June 15 ..................101
Figure 6.20: Heat in and net work using control strategy II for propane on December 15 .........101
Figure 6.21: System efficiencies using control strategy II for R433C on June 15 ......................101
Figure 6.22: System efficiencies using control strategy II for R433C on December 15 .............101
Figure 6.23: Heat in and net work using control strategy II for R433C on June 15 ....................102
Figure 6.24: Heat in and net work using control strategy II for R433C on December 15 ...........102
Figure C.1: Cycle efficiencies on March 15 for propane using control strategy I.....................122
Figure C.2: Cycle efficiencies on September 15 for propane using control strategy I ..............122
Figure C.3: Heat in and net work on March 15 for propane using control strategy I ................122
Figure C.4: Heat in and net work on September 15 for propane using control strategy I .........122
Figure C.5: Cycle efficiencies on March 15 for R433C using control strategy I ......................123
Figure C.6: Cycle efficiencies on September 15 for R433C using control strategy I ...............123
Figure C.7: Heat in and net work on March 15 for R433C using control strategy I .................123
Figure C.8: Heat in and net work on September 15 for R433C using control strategy I...........123
Figure C.9: Cycle efficiencies on March 15 for propane using control strategy II ...................123
Figure C.10: Cycle efficiencies on September 15 for propane using control strategy II.............123
Figure C.11: Heat in and net work on March 15 for propane using control strategy II ..............124
Figure C.12: Heat in and net work on September 15 for propane using control strategy II ........124
Figure C.13: Cycle efficiencies on March 15 for R433C using control strategy II .....................124
Figure C.14: Cycle efficiencies on September 15 for R433C using control strategy II ..............124
ix

Figure C.15: Heat in and net work on March 15 for R433C using control strategy II ................124
Figure C.16: Heat in and net work on September 15 for R433C using control strategy II .........124
Figure C.17: DNI for March and September 15 ..........................................................................125

x

ABSTRACT

Low-temperature heat sources such as industrial waste heat, solar, and geothermal are more
suitable for small-scale power generation rather than utility scale. In order to maximize the
electricity generated from low-temperature heat sources, an efficient expansion device for smallscale power output is necessary. This research work has focused on evaluating the use of a scroll
expander and improving its geometrical design for the power output range of 1-25 kWe.
The first part of the work focusses on modeling the performance of a scroll expander using
two non-dimensionless parameters, namely, specific speed and specific diameter. Performance of
a scroll expander was modeled using mass and energy balance governing equations and analyzed
for three different expander inlet temperatures (150oC, 200oC, and 250oC) for pure fluids and
zeotropic mixtures. The scroll expander geometry was developed using empirical equations and
losses due to leakage, mechanical, and expansion were modeled. The performance indicators such
as expander efficiency, specific speed and specific diameter were determined using the
thermodynamic properties and mass flow rates at the exit state. Several hundreds of scroll
geometries with different aspect ratios were modeled for each volume ratio. The expander
efficiency was then plotted as a contour function of specific speed and specific diameter. An
expander efficiency of 76-77.8% was achieved at an expander inlet temperature of 150oC for both
propane and R433C. However, the zeotropic mixtures required smaller volume ratio and scroll
size than pure fluids for achieving the same performance.

xi

The next part of this work focusses on addressing the challenges of modeling the variable
wall thickness scrolls from state-of-the-art approaches. A novel approach to modeling scroll
geometry with variable wall thickness was developed and presented. Three different scroll designs
with decreasing, increasing, and constant wall thicknesses were modeled using this approach. The
performance of all three different designs was modeled and analyzed for R433C and propane at an
expander inlet temperature, pressure, and rotational speed of 150oC, 7 MPa, and 3000 RPM. The
decreasing wall thickness design yielded the highest expander efficiency of 77% and 77.8% for
propane and R433C respectively, while increasing wall thickness design exhibited the lowest
efficiency of 72% and 73.5% for propane and R433C respectively.
Finally, the dynamic performance of supercritical organic Rankine cycle was modeled to
evaluate the impact of the expander’s off-design performance on the cycle. The scroll expander’s
off-design performance was characterized as a function of pressure ratio, where an optimum
expander efficiency is achieved at an optimal pressure ratio. This optimal pressure ratio is where
the expansion losses are minimum, thereby leading to better expander efficiency. The cycle
operating conditions such as the expander inlet temperature and pressure were optimized for
maximizing cycle energy efficiency using different optimization methods. The optimized expander
temperature and pressure are 159oC and 7.1 MPa with a maximum cycle efficiency of 8.3% for
propane, while R433C achieved a maximum cycle efficiency of 8.6% at the inlet conditions of
159oC and 6.3 MPa. Dynamic performance of the cycle was also modeled for different days using
solar radiation as the heat source.

xii

CHAPTER 1. INTRODUCTION

Low temperature power generation uses low-grade heat sources generally at temperatures
less than 250oC resulting in lower cycle efficiencies. Hence, appropriate thermodynamic cycles
and working fluids must be used for better conversion efficiency. Suitable thermodynamic cycles,
working fluids, and expansion devices will be discussed in the following sections.
1.1

Organic Rankine Cycles
Most thermal power plants working at temperatures higher than 250oC, employ a Rankine

cycle (RC). Water/steam is commonly used as the heat transfer fluid and working fluid in Rankine
cycles because of its high specific heat and common availability. Steam turbines are used to extract

Figure 1.1: Block diagram of organic Rankine cycle.
1

useful shaft work from superheated steam. In a simple RC, the working fluid goes through a
sequence of four thermodynamic processes.
1. Water pumped to higher pressures isentropically
2. Isobaric heat addition in boiler and superheaters
3. Isentropic expansion in a turbine
4. Isobaric condensation in condensers
Other configurations of Rankine cycles using reheat or internal regeneration or both are
also used to improve the cycle energy efficiency which can be found in thermodynamics textbooks
[1]. For heat source temperatures less than 250oC, such as industrial waste heat, geothermal, solar
(using medium temperature collectors), and biomass an alternative, organic Rankine cycle (ORC)
with organic working fluids is used. Organic Rankine cycle (ORC) consists of an evaporator,
condenser, expansion device and recirculation pump. Occasionally, recuperators are also

Figure 1.2: Organic Rankine cycle T-s diagram.
2

employed in these cycles to recover excess heat from the turbine or expander exhaust to preheat
the working fluid entering the evaporator.
In the power output range of less than 100 kWe , ORC plants occupy the largest market
share compared to other heat engines such as Rankine cycle, Stirling, and Brayton [2]. A schematic
of a typical organic Rankine cycle and its T-s diagram with pentane as the working fluid are shown
in Figure 1.1 and 1.2. The T-s diagram can be used to show the thermodynamic state points in the
cycle such as pump inlet (point 1), pump outlet (point 2), boiler outlet (point 3), engine outlet
𝜂𝐼 =

𝑊̇𝑛𝑒𝑡 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 − 𝑊̇𝑝𝑢𝑚𝑝
=
𝑄̇𝑖𝑛
𝑄̇𝑖𝑛

𝑊̇𝑛𝑒𝑡 = 𝑚̇ ∗ [(ℎ3 − ℎ4 ) − (ℎ2 − ℎ1 )]
𝜂𝑒𝑥 =

𝐸𝑥𝑡𝑢𝑟𝑏𝑖𝑛𝑒 − 𝐸𝑥𝑝𝑢𝑚𝑝
𝐸𝑥ℎ𝑒𝑎𝑡 𝑖𝑛

Figure 1.3: T-s diagram of the supercritical organic Rankine
cycle.
3

(1)

(2)

(3)

(point 4), and condenser inlet (point 5) as seen in Figure 1.2. The process 2 to 3 operates under
high pressure, while the process 4-5-1 operates at low pressure. Heat is absorbed through the boiler
(point 2 to 3) under high pressure and rejected at low pressure through the condenser (process 5 to
1). Typical cycle performance is represented by the cycle first law efficiency, exergy efficiency,
and net power output, which are calculated by the equations (1), (2), and (3).
1.2

Supercritical Organic Rankine Cycle
A supercritical ORC (s-ORC) differs from sub-critical ORC, where the working fluid is

directly pumped to pressures above its critical pressure, due to which the working fluid does not
pass through the two-phase region in the evaporator. This results in a better thermal match with
the heat source thereby reducing irreversiblities and improving the cycle performance [3]. The
performance criteria remain the same as in organic Rankine cycles, whose equations (1), (2), and
(3) are presented above. The T-s diagram of a typical s-ORC is shown in Figure 1.3 for the organic
working fluid propane.
1.3

Organic Working Fluids
The selection of organic working fluid and the expansion device are two key components

that play a critical role in the ORC performance. Organic fluids are typically characterized by low
critical temperatures, which make them suitable for low temperature heat source applications.
Organic fluids with lower boiling points such as hydrocarbons are used as the working fluids in
ORC to ensure single-phase operation at the expander exit. Working fluid is selected based on the
criteria such as slope of the vapor saturation curve, thermal stability, environmental impact, latent
heat, density, specific heat, critical point, availability and cost [3]. Organic fluids have the
following properties different from water that have significance for low temperature applications.

4

1. On a T-s diagram, fluids exhibit different slopes in the vapor saturation curve. Some
fluids (e.g.: water) exhibit negative slope in their vapor saturation curve resulting
in possible two-phase mixture at the turbine exit and are called wet fluids. This can
cause corrosion in the turbine blades and has a negative impact on the turbine
efficiency. Some fluids exhibit positive slope (e.g.: heptane) in the vapor saturation
curve, which removes the need of a superheater after the boiler and ensures singlephase operation and are called dry fluids. Other fluids exhibit near isentropic
(slope≈0) vapor saturation curve like acetone and toluene as shown in the T-s
diagram in Figure 1.4.
2. Since the fluid exiting the turbine is still in a superheated state, a recuperator can
be used to recover excess heat thereby improving the overall cycle efficiency [4].
3. Organic working fluids generally have a lower enthalpy of vaporization than water
making them appropriate for low temperature applications.
4. Lower evaporating pressure of the working fluid, which improves the plant safety.
Apart from pure refrigerants and hydrocarbons, there are also refrigerant mixtures that are
investigated for potential use in ORC applications. Zeotropic mixtures have been researched [5]–
[7] due to their “temperature glide” during the phase change as the mixture concentration varies,
which reduces the irreversiblities in the cycle and improves the cycle efficiency.
1.4

Expansion Devices
The expansion device is an integral part of a heat engine that converts thermal energy to

mechanical work, which is then converted into electricity using alternators. Organic cycles have
lower energy efficiency due to the lower operating temperatures. Therefore, it is imperative to
have a high expansion efficiency turbine or expansion device in order to extract the maximum

5

work out of the available thermal energy. Expansion devices for ORC’s can be classified into two
broad categories based on their method of useful work generation.
1. A turbine uses the kinetic energy of the working fluid to extract useful work.
Examples include radial and axial turbines, which operate at very high rotational
speeds (≈50,000 RPM) and are typically used for high power outputs in steam
power plants (>1 MW).
2. Positive displacement expanders expand the working fluid by moving it through
increasing volumes. Examples are scroll, screw expanders, and reciprocating piston
devices with lower rotational speeds (~1,000-8,000 RPM).
In Figure 1.5, the turbomachine and positive displacement expander performances are
mapped as a function of two dimensionless parameters NS and DS by Balje [8], [9]. Specific speed
(NS) increases with increase in rotational speeds and is proportional to power output. It can be seen

Figure 1.4: Fluids exhibiting different slopes in vapor saturation curves.
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from Figure 1.51 that as NS decreases, the turbine efficiency decreases as well. For example, at a
fixed DS of 2, radial turbine efficiency decreases from 80% to 20% for the corresponding specific
speeds of 60 and 6 respectively. Turbomachines exhibit poor isentropic efficiency at lower power
outputs or lower rotational speeds, which increases the cost of electricity generation. Some
researchers have investigated the possibility of using turbo-expanders in ORC applications [10],
[11] . These turbo-expanders are designed and adapted for small-scale power output, but they still
operate at high rotational speeds. Due to their high rotational speeds, expensive and complex
gearboxes are necessary to match the grid frequency of 50 or 60 Hz, which may not be economical
for distributed power generation applications. Hence, it is essential to identify and investigate a
suitable expansion device for small-scale power generation applications that exhibits higher

Figure 1.5: Performance mapping of turbines and positive displacement expanders by
Balje.

1

Figure 1.5 was reproduced with permission from Barber-Nichols report [9]. Signed request form is attached in the
Appendix B
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efficiency than turbines and avoids the use of a gearbox. Some of the key requirements of smallscale ORC expansion devices are:
1. Better volumetric and isentropic efficiencies than turbines with lower power
outputs
2. Matches the pressure ratio (15 to 20) requirement of the ORC’s [12]
3. Low rotational speeds, and
4. Lower maintenance
1.4.1 Analysis
Several expansion devices such as scroll, screw and radial turbines are investigated for
their applicability in small-scale power generation. Each of these technologies have a minimum
and maximum volumetric capacity which defines the power output window. The minimum and
maximum volumetric capacities of each technology allows assessment of their power output

Figure 1.6: Expander selection analysis for small-scale power outputs.
8

capability based on the methodology proposed by Quoilin et al. [13]. For heat sources in the range
of 100oC to 170oC, the volumetric capacities are used along with the fluid density for the operating
conditions to determine the power outputs. Fluids such as R123, R134a, and R245fa were
investigated for such heat sources and a superheat of 5 K was assumed. The power output is used
to classify the expansion devices thereby determining the applicability range of each technology
for a wide range of heat sources such as solar, geothermal, and waste heat recovery.
As can be seen in Figure 1.6, for the power output range of 1-25 kWe, scroll expander
appears to be the most suitable expansion device when compared to other technologies. It is
apparent from Balje’s non-dimensional diagram for turbines in Figure 1.5 [8] that for any given
turbomachinery technology, isentropic efficiency drops as we move from its maximum power
output to minimum. This is further corroborated by the following Figure 1.7, where isentropic
efficiencies of various expansion technologies reported in the literature [14], [15], [24]–[33], [16],

Figure 1.7: Isentropic efficiencies in the literature for different turbomachines [14],
[15], [24]–[33], [16], [34]–[41], [17]–[23].
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[34]–[41], [17]–[23] are plotted as a function of power output (kWe). Details of these works will
be discussed in the CHAPTER 2. In this work, the scroll expander is proposed and evaluated as an
alternative to turbomachines for small-scale power output in this work.
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CHAPTER 2. LITERATURE REVIEW

2.1

History of Scroll Devices
Positive displacement scroll devices were invented in 1905 by the French Engineer Léon

Creux [42] for use as rotary engines in boats. The motivation behind this invention was the safety
concern with small steamboats. Although invented in the early 20th century, scroll devices were
not commercially available until the 1970’s due to the tight tolerances (~1 microns) required
between the two scrolls. This was due to lack of manufacturing technology to achieve these
clearances. Scroll devices gained interest again in the 1970’s after the invention of Computer
Numerical Control (CNC) machining tools [4]. Some of the key reasons for interest in scroll
devices were fewer moving parts or valves, less vibration, and lower maintenance than devices
with pistons. At present, scroll compressors are widely used in residential and automobile airconditioning applications. Copeland, Siam, and Hitachi are some of the major manufacturers of
scroll compressors [43]–[45]. Despite being invented for use as expander, scroll was not explored
for use in expander configuration until the late 1980’s, when Yanagisawa et al. [46] modeled scroll
expanders based on scroll compressor designs. With the rise in small-scale distributed power
generation, interest in scroll expanders also increased due to their inherent characteristics such as
low rotational speed and small intrinsic volume ratio. In the following sections, scroll compressor
models, their adaptation for scroll expander development, and state-of-the-art scroll designs are
discussed.
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2.1.1 Learnings from the Scroll Compressor Industry
A scroll device consists of two scrolls, one fixed and the other an orbiting scroll as seen in
Figure 2.1. They are phased at 180o to each other creating crescent shaped pockets through which
the fluid expands. Each scroll consists of an inner and outer spiral involute that emerge from a
base circle (i.e. evolute). In Figure 2.2, rb denotes the radius of the base circle, s is the radius of
curvature, and φ is the involute angle. Three types of chambers namely, inlet (highlighted in green
in Figure 2.1), expansion (numbered 1 to 4 in Figure 2.1), and discharge chamber (numbered 5 in
Figure 2.1) exist in the scroll expander. Scroll expanders and compressors possess the same spiral
geometry and differ only in the flow direction, hence early works on scroll expanders primarily
used the models developed for scroll compressor designs. Researchers developed mathematical
models for designing scroll compressors and estimating their chamber volumes, leakages, and

Figure 2.1: A scroll expander with constant wall thickness.
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performance. Some of the key contributions for scroll compressors that are adapted for scroll
expanders modeling will be discussed below.
In 1984, Morishita et al. [47] developed an analytical model for estimating the
displacement volume, overturning moment, and pressure forces (radial and axial) in scroll
compressors. They also developed equations for forces acting on the Oldham coupling used to
prevent rotation in scrolls. Yanagisawa et al. [48] modeled the impact of rotational speed, optimum
operating pressure ratio, and leakages on scroll compressor performance. They analyzed the flow
resistance in different chambers and its impact on compressor isentropic efficiency due to over- or
under-compression. Further, Chen [49], [50] developed comprehensive models for determining
internal processes such as suction gas heating, suction mass flow rate, leakages and heat transfer
losses in the scroll compressor. However, all these geometrical models assumed specific spiral
involute initial angles, in other words, point of origin for spiral involutes, which allowed them to
generate useful scroll geometries, but does not allow diverse scroll designs. In order to generate

Figure 2.2: Basic involute angles of scroll geometry.
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scroll geometries with any discrete involute initial angles, Wang et al. [51] developed geometrical
model and analytical equations for calculating the volume and its derivatives. Bell et al. focused
on optimizing scroll compressor geometry design by varying the base circle radius to minimize
leakage losses and thereby maximize isentropic efficiency. The optimization constraints were
compressor displacement, scroll thickness, and volume ratio [52].
There are few drawbacks with using analytical models and constant wall thickness, which
are discussed below.
1. The analytical models are sufficient to generate the scroll geometry, but the
geometric inputs such as base circle radius, initial, and other involute angles have
been used from existing scroll compressor designs. This does not necessarily
generate optimum scroll expander geometries for ORC applications.
2. Until the end of the 20th century, scroll devices were designed with constant wall
thickness (shown in Figure 2.1) resulting in linear compression. In order to achieve
higher compression, larger scroll devices were needed. However, large scroll
devices resulted in increased leakages and lower isentropic efficiencies.
In the following sections, the state-of-the-art modeling approaches to constant and variable
wall thickness scrolls will be discussed.
2.1.2 Constant Wall Thickness Geometry
The constant wall thickness scrolls are generated from a base circle, whose inner and outer
involutes are separated by a constant distance. The involute arc length can be represented by the
following mathematical relation (4), where L is the arc length.
𝛿𝐿
= 𝑟𝑏
𝛿𝜑
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(4)

Integrating equation (4) for respective involute angles will determine the arc length of each
involute as given in the equations (5) and (6), where φi0 and φo0 are initial involute angles, i.e. the
angle at which the involutes start on the base circle.
𝐿𝑖 = 𝑟𝑏 (𝜑 − 𝜑𝑖0 )

(5)

𝐿𝑜 = 𝑟𝑏 (𝜑 − 𝜑𝑜0 )

(6)

Integrating the arc length over the involute angles yields the area under the curves, which
are multiplied with the scroll height to determine the chamber volumes. The definite integral limits
of each chamber depend on the initial and final angle between the mating points. The empirical
equations were taken from the compressor literature [49] and modified for scroll expanders. The
chamber volumes can then be determined from the equations (7), (8), and (9).
𝜋
7𝜋
𝑉𝑠 = ℎ𝑠𝑐𝑟𝑜𝑙𝑙 𝑟𝑏 𝑟𝑜 (𝜑𝑒 − 𝜃 + 𝜃 ∗ − ) (𝜑 − 𝜃 − 𝜃 ∗ − 𝜑𝑖0 − 𝜑𝑜0 + ) 𝑖𝑓 0 < 𝜑 < 𝜑𝑠
2
2

(7)

7
𝑉𝑒 = 2𝜋ℎ𝑠𝑐𝑟𝑜𝑙𝑙 𝑟𝑏 𝑟𝑜 (2𝜑𝑒 − 2𝜃 − 𝜋) 𝑖𝑓 𝜑𝑠 < 𝜑 < 𝜑𝑑
2

(8)

𝑉𝑑 =

1
3
∗ ℎ𝑠𝑐𝑟𝑜𝑙𝑙 𝑟𝑏 𝑟𝑜 [(2𝜑𝑒 𝜃 − 𝜃 2 − 𝜑𝜋) + 2(1 − cos(𝜃)) − 2(𝜑𝑒 − 𝜋) sin(𝜃)
2
2
𝜋
− sin(2𝜃)] 𝑖𝑓 𝜑𝑑 < 𝜑 < 𝜑𝑒
4

(9)

The key performance indicator for positive displacement expanders is built-in volume ratio
and is defined as the volume of the expansion chamber at the end of the expansion process to that
at its beginning. This parameter denotes the degree to which a superheated working fluid is
expanded as it passes through the device and is given by equation (10).
𝑟𝑣 =

𝑉𝑒 (𝜑 = 𝜑𝑑 )
𝑉𝑒 (𝜑 = 𝜑𝑠 )
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(10)

2.1.3 Variable Wall Thickness Geometry
Prior works focused on scroll devices with a circle as the base, which resulted in constant
wall thickness (CWT) scrolls. Fluid compression (or expansion) was linear in nature in these
constant wall thickness scroll devices. Hence, to produce higher power output, larger scroll designs
were necessary. However, larger scroll designs lead to higher leakages and thereby lower expander
efficiency. Therefore, it was important to develop compact scroll devices, yet achieve greater builtin volume ratios. In 2001, Gravesen et al., [53] developed a technique to model variable scroll wall
thicknesses by representing the radius of curvature of a spiral as a polynomial function of its
tangent angles as seen in equation (11), where c1-c5 are the polynomial coefficients.
𝑠 = 𝑐1 + 𝑐2 𝜑 + 𝑐3 𝜑 2 + 𝑐4 𝜑 3 + 𝑐5 𝜑 4

(11)

where s is the radius of curvature, φ is the involute angle, c1 - c5 are the polynomial coefficients.
The rectangular X (x, y) co-ordinates of one side of the scroll can be obtained by equation (12).
𝑋(𝑥, 𝑦) = 𝑠𝑥 (cos 𝜑 + 𝜑 sin 𝜑) − ∫ 𝑠𝑥 (−𝑠𝑖𝑛 𝜑 + 𝜑 cos 𝜑)𝑑𝜑

(12)

The equation above was integrated and simplified to equation (13) as shown below.
𝑋(𝑥, 𝑦) = (𝛼 𝑠𝑖𝑛𝜑 + 𝛽 𝑐𝑜𝑠𝜑, 𝛽 sin 𝜑 − 𝛼 cos 𝜑)

(13)

where α and β are expressed as
𝛼 = (𝑐1 − 6𝑐3 ) + (2𝑐2 − 24𝑐4 )𝜑 + 3𝑐3 𝜑 2 + 4𝑐4 𝜑 3

(14)

𝛽 = (2𝑐2 − 24𝑐4 ) + 6𝑐3 𝜑 + 12𝑐4 𝜑 2

(15)

After the co-ordinates of the curve X were generated, the mating curve was modeled by
using equations (16) and (17), where R and θ are the orbiting radius and the orbiting angle
respectively.
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𝑌(𝑥) = 𝑋(𝑥) + 𝑅𝑠𝑖𝑛 𝜃

(16)

𝑌(𝑦) = 𝑋(𝑦) − 𝑅𝑐𝑜𝑠 𝜃

(17)

This parametrization technique could be used to generate increasing, decreasing or constant
wall thickness scrolls thereby allowing non-linear change in fluid compression (or expansion).
Scroll expanders with a constant scroll vane (wall) thickness and decreasing wall thickness
geometry in Cartesian coordinates are shown in Figure 2.1 and Figure 2.3 respectively, where the
inlet chambers at the center are highlighted in green color. However, this technique was based on
polynomial equation, where identifying the coefficients that generate useful (i.e. without selfintersecting spirals or overlaps) scroll geometry was a challenge.
To address this, a scroll geometry generate-and-test algorithm was developed by Orosz et
al. [54] to determine parameter domains that produced useful scroll expander designs. These

Figure 2.3: A scroll expander with decreasing wall thickness.
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parameters include a wide range of values for the number of spirals, radius, wall thickness offset,
and polynomial coefficients. The test criteria was to verify the theoretical viability of scroll
diameter, orbiting radius, and wall thickness, where the domains for constraints were chosen
arbitrarily. Since it was computationally intensive to evaluate performance of thousands of
generated geometries, a mechanism was proposed to identify and rank the scrolls based on a
compactness factor, which was defined as in the equation (18) below. The leakage, friction, and
heat losses were not analytically calculated, but assumed that the geometric characteristics such as
diameter and volume ratio were representative of these losses [54]
𝑓𝑐 =

𝑟𝑣
𝐷𝑛𝑜𝑟𝑚

(18)

Schaffer et al. [55] studied the impact of each polynomial coefficients in the equation (11)
separately and identified the coefficients that directly relate to variable wall scroll designs. They
also investigated different scroll geometry tip conditions for scroll expanders. Dechesne [4]
modeled variable wall thickness geometry using the parametrization technique and reported a
scroll expander isentropic efficiency of about 76% for a decreasing wall thickness scroll geometry
with a volume ratio of 5 at the inlet conditions of 120oC and 2 MPa. Following up on Dechesne’s
work, Dickes [12] compared performance of several variable wall thickness (VWT) and CWT
scrolls. These geometries were developed using the parametrization technique and optimal
geometries were analyzed based on the compactness factor defined above, reporting a theoretical
improvement in expander isentropic efficiency for VWT scrolls of about 1-5% over CWT scrolls.
2.2

Early Experimental Works using Modified Scroll Expanders for ORC Applications
Early work on scroll expanders was done to test the feasibility of its use in small-scale

power generation applications. Hence, the scroll compressors were reverse engineered to work as
expanders. In order to analyze the experimental performance reported in the literature, a
18

normalized expansion ratio (NER) is used, which is defined as the ratio of the actual expansion
ratio over the design expansion ratio. An NER value of around 1 denotes the test run close to
optimal design ratio, while higher or lower values represent sub-optimal operating conditions for
the modified expander.
Zanelli et al. [25] tested a modified scroll expander using R134a as the working fluid and
observed peak isentropic efficiency of about 65% at 3000 RPM and a pressure ratio of 3.2.
However, the experiment was operated at pressure ratios (2.2-3.9) close to the optimal pressure
ratio (≈3.1) for the modified expander. These pressure ratios represent NER values in the range of
0.9-1.7. The expander performance decreased as low as 43% at the lowest pressure ratio of 2.2.
An experimental study by Lemort et al. [32] investigated three modified scroll expanders
with different working fluids such as water/steam, air and water/propylene glycol mixture. The
volume ratio of the three expanders A, B, and C were 4.1, 3.1, and 2.6 respectively. The scroll
expander A with water/steam exhibited the highest expander isentropic efficiency of about 55%

Figure 2.4: Modified scroll expander efficiency as a function of
normalized expansion ratio.
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with a volume ratio of 4.1 at around 3000 RPM, while lower efficiencies and shaft work was
observed at lower rotational speeds. The expanders were tested for different pressure ratios
between 5 and 16 and the best performance was achieved by expander A with the highest volume
ratio, best suited for higher pressure ratios. In contrast, the performance of the expander C, with
the lowest volume ratio of 2.6, decreased to about 35% at higher pressure ratios.
Demirkaya et al [56] investigated the feasibility of using a modified scroll expander with
a volume ratio of 4.1 for combined power and cooling cycle using ammonia-water mixture. A
maximum efficiency of 50% was achieved at the inlet conditions of 0.6 MPa and 85oC and an
expansion ratio of 1.5. The poor performance may be attributed to use of larger volume ratio scroll
expander leading to over-expansion losses. The over-expansion losses are more detrimental to the
expander performance compared to under-expansion losses[4]. This behavior can be clearly seen
in Figure 2.4 in which this experiment corresponds to an NER value of about 0.5.
Gao et al. [57] achieved an experimental isentropic efficiency of 55% with a modified
scroll expander using R245fa as the working fluid operating at a pressure ratio of about 3. For a
heat source temperature of 105oC and inlet pressure of 0.61 MPa, they investigated two scroll
expanders with different volumetric displacements (66 and 86 cm3/rev). It was observed that the
expander with smaller displacement was impacted greatly by an increase in the inlet pressure. Wu
et al. [58] investigated the performance of a modified scroll expander with a built-in volume ratio
of 2.1 at different operating conditions under various electric loads and flow rates. A maximum
expander efficiency of 55% at a pressure ratio of 5.1 and at 1550 RPM. The lowest expander
efficiency of 36% and power output of 0.3 kWe was observed, when the rotational speed was
increased to 2165 RPM. The decrease in the performance may be attributed to increase in
mechanical losses at higher rotational speeds.
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Eyerer et al. [37] investigated the energy efficiency of ORC using modified scroll expander
with different working fluids, R245fa and R1233zd-E, a drop-in replacement for R245fa. They
achieved a maximum isentropic efficiency of 63% at a pressure ratio of 2.8 and about 2500 RPM
using R245fa, while R1233zd-E exhibited slightly lower performance as mentioned in Table 2.1.
The expander was operated at about 2500 RPM compared to the rated speed of 5000 RPM, which
may lead to part-load operation or higher internal leakages. They tested the expander at higher
RPMs, which reduced the leakages by about 12% at 3250 RPM.
Table 2.1: Literature review of scroll expander experimental performance.
Pressure
Rotational
Author

Expander

Power

Expander

supply

(kWe or

Efficiency

conditions

kWsh)

(%)

ratio &

Working

Other

speed
[Volume

fluid
(RPM)

ratio]2

information

Electrical
Zanelli et al.

2.2-4.1
R134a

1.4 MPa

1-3.5

2400-4200

(1994) [25]

heater (EH),
43-65

70oC

[2.4]

kWe

lubricated,
hermetic

0.5-0.8
Lemort et al.

0.7-3
Steam

1500-3500

5-16 [4.1]

MPa

(2006) [32]

EH, oil-free,
35-55

kWsh

open-drive

145-175oC
Manolakos
0.1-2
et al. (2007)

R134a

300-4000

70oC

2.4 [1.6]

10-60

EH, lubricated

kWsh
[27]

2

The design built-in volume ratio of the pre-modified scroll compressor is mentioned inside square brackets.
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Table 2.1 (Continued)
Quoilin et

0.8-1.5
2.7-5.4

al. (2008)

R123

0.4-1.8

1771-2660

MPa
[4.1]

kWsh

Water/stea

0.35 MPa,
3000

(2008) [38]

drive

86oC

[59]
Aoun et al.

Oil-free, open43-68

3.7 [3.2]

EH, oil-free,
0.5 kWe

49

130-180oC

m

Lemort et al.

open-drive

0.75 MPa
R123

2296

5 [4.1]

EH, oil-free,
1.8 kWsh

(2009) [33]

145oC

Demirkaya

0.6 MPa

68
open-drive
EH, oil

NH3-H2O

750

1.5 [4.2]

0.1 kWsh

30-50

lubrication,

85oC

(2001) [56]

open-drive
Lemort et al.

6-16 MPa
R245fa

-

3.6 [3]

2 kWe

34-71

EH, lubricated

55-73

EH, hermetic

92-139oC

(2011) [60]
Bracco et al.
R245fa

3000-4500

1.5 MPa

1-1.5

130oC

kWsh

5-6.5 [-]

(2013) [61]
Declaye et

0.9 MPa
al. (2013)

R245fa

2500

4 [3.95]

Oil-free, open0.9 kWsh

69

98oC

drive

[62]
Dickes et al.

1.9 MPa
R245fa

3000

2.8 [2.5]

EH, lubricated,
1.8 kWe

68

130oC

(2014) [63]
Chang et al.

semi-hermetic

0.8 MPa
R245fa

1660

2.0 [2.12]

EH, lubricated,
1.3 kWsh

68

84oC

(2014) [64]
Chang et al.

0.9 MPa
R245fa

1800

open-drive
1.43

2.3 [2.95]

EH, lubricated,
73

88oC

(2014) [64]
Chang et al.

kWsh

semi-hermetic

0.9 MPa
R245fa

1535

5 [4.1]

2.3 kWsh
90.6oC

(2015) [65]

22

73

EH, oil-free

Table 2.1 (Continued)
Gao et al.
R245fa

500-1500

1.7-3.1 [-]

R123

1200-2100

4.5 [-]

0.3 MPa

0.2 kWsh

55

-

0.5 MPa

0.45-0.75
23-41

EH 6

1.1 kWsh

58-64

Oil-free

(2015) [57]
Guangbin et al.

o

(2015) [34]

70 C

Muhammad et
al. (2015)6 [66]

R245fa

Wu et al.

kWsh

6.5-10.7

1.2 MPa

[3.5]

127oC

2165

5.3 [2.1]

0.9 MPa

0.3 kWe

36

NG burner,

1550

5.1 [2.1]

120oC

1.2 kWe

55

lubricated

2500

2.8 [2.3]

0.35 kWe

65

Semi-hermetic,

0.3 kWe

60

lubricated

3.2 kWe

45-70

EH, open-drive

3400-3500

R123
(2015) [58]
R245fa
Eyerer et al.

0.9-1.1

R1233z
(2016) [37]

MPa
2500

2.3 [2.3]
120oC

d-E
Kosmadakis et

2.4 MPa
R404A

1700

2 [2.8]
85oC

al. (2016) [67]
Ntavou et al.
(2017)3

17504

2 [3]

80oC

6.2 kWe

62

EH, lubricated,

20005

1.7 [3]

130oC

7.5 kWe

60

hermetic

0.9 MPa

2.6 kWsh

-

4 [3.2]

R245fa

Yang et al.
R245fa

EH, hermetic,
70

105oC

(2017) [68]

1.9 kWe

oil-free

0.6-1.5
Dumont et al.
R245fa

3000

3 [2.2]

MPa

1.5 kWsh

75

3.5 kWe

58

EH

(2018) [69]
133oC
Ziviani et al.
(2018)6 [20]

0.9 MPa
R245fa

1600

5.8 [3.7]

EH, open-

105oC

3

Two-stage expanders were tested
Single-stage expander only
5
Two-stage scroll expanders with same built-in volume ratio
6
New scroll expander design was used for testing rather than modified versions.
4
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drive, oil-free

In 2016, Kosmadakis et al [67] tested a modified open-drive scroll expander with a builtin volume ratio of 2.8 using R404A and at the inlet conditions of 2.4 MPa and 85oC. The expander
was tested at different pressure ratios (1.4-2.6) and a maximum expander efficiency of 70% was
achieved at an expansion ratio of about 2. This expansion ratio corresponds to an NER value of
about 0.8 indicating slightly over-sized expander.
The objective of these experiments were to understand the feasibility of scroll expanders
for small-scale power generation. While expander efficiencies of around 70% were achieved using
modified scroll expanders, it must be noted that these experiments were run at conditions close to
the optimal expansion ratios. Further, the design or built-in volume ratio of the original scroll
compressors used in these experiments typically range between 2 and 3. Power generation
applications operate at higher pressure ratios compared to air-conditioning or refrigeration
applications [12]. When the modified expanders were imposed to higher expansion ratios, the
expander performance decreased drastically as seen in Figure 2.4, where the expander efficiency
was plotted as a function of a normalized expansion ratio (NER). Further, the fluid flow direction
is opposite to that of the compressor requiring modification to the flow regulating valves. Other
results from the experimental testing of modified scroll expanders, tabulated in Table 2.1. Some
of the key challenges with modified scroll expanders are:
1. The modified scroll expanders achieved high efficiencies due to cycle operation
closer to the optimal built-in volume ratio resulting in higher expander efficiencies.
This mode of operation was necessary, since the objective of these tests were to
evaluate the feasibility of scroll devices for small-scale power generation.
2. In cases where multiple modified expanders with different volume ratios were
tested [32] for higher pressure ratios, the expander with the highest volume ratio
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achieved the maximum expander efficiency. This implies that modified expanders,
typically with lower volume ratios are not suitable for power generation
applications.
3. The experimental tests were conducted at expander inlet temperatures as low as
70oC. Such low inlet temperatures were necessary to operate at near-optimal
expansion ratios for the selected scroll device. Further, the cycle energy efficiency
also decreases at such low inlet temperatures.
In order to address the aforementioned challenges, it is important to design scroll expander
geometry suited for low temperature power applications. In the next section, some of the
experimental testing of scroll expanders designed specifically for ORC applications will be
discussed.
2.3

Experimental Works using Scroll Expanders
With the feasibility and modeling techniques established over the past 30 years, there are

a few scroll expander manufacturers in the market currently, such as Air Squared [70], Obrist [71],
and Tiax [72]. More researchers are now testing the expanders specifically designed for ORC
power generation applications. Gaungbin et al. [34] investigated a scroll expander using R123 as
the working fluid under different rotational speeds at the inlet conditions of 0.5 MPa and 70oC.
They observed a maximum expander efficiency of 41% around 1500 RPM at a pressure ratio of
4.5. The poor expander performance may be attributed to low volumetric efficiency of about 63%,
which points to high internal leakages. Muhammad et al. [66] tested an oil-free scroll expander
with a built-in volume ratio of 3.5 at the inlet conditions of 1.2 MPa and 127oC using R245fa as
the working fluid. A maximum efficiency of 64% was achieved at around 3400 RPM and at a
pressure ratio of 6.5. They tested the expander under different expansion ratios and observed that
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the expander efficiency decreased to 58% at around 3500 RPM and an expansion ratio 11. The
lower expander efficiency can be attributed to operating at such high imposed expansion ratios
(6.5-11) in comparison to the design expansion ratio. Ziviani et al. [20] tested an open-drive scroll
expander with a nominal capacity and volume ratio of 5 kW and 3.7 respectively, using R245fa.
A maximum expander efficiency of 58% was achieved at an expansion ratio of 5.8 and at the inlet
conditions of 0.9 MPa, 105oC, and 1600 RPM. A maximum power output of 3.8 kWe was achieved
at a rotational speed of 2500 RPM. The poor performance may be attributed to higher pressure
ratios resulting in over-expansion losses. Experimental study on scroll expanders designed for
power generation applications is still in its early stages and gaining traction, but the feasibility
studies using modified scroll expanders serve as a proof that higher expander efficiencies are
attainable. Experimental results on ORC scroll expanders are marked with a footnote6 in Table
2.1.
2.4

Literature Gap and Research Challenges
The literature review on scroll expanders’ points to different ways to model the geometry,

leakages, mechanical losses, heat transfer losses and the expander performance itself.
Nevertheless, for a designer to choose a scroll expander geometry for any given application,
intensive computational modeling and analysis is required. The compactness factor technique
proposed by Orosz et al. [54] does not take the losses into account or the impact of working fluid
properties on the performance. Olmedo et al. [73] developed expander performance maps using
semi-empirical models and experimental results of reverse-engineered expanders as a training
dataset to develop correlations for expander efficiency. However, it is important to note that
reverse-engineered scroll designs are not ideal for power generation applications due to their
smaller intrinsic volume ratio (less than 2). Hence, one of the research objectives is to map
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performance of several scroll expander geometries based on non-dimensional numbers, such as,
specific speed and specific diameter, which are relevant to turbomachinery and which simplifies
design of scroll expanders. This allows the designer to understand the impacts of scaling the
geometries, and over- and under-expansion losses without intensive computational effort. The
estimated performance is more representative of expected actual performance, since all the losses
are considered. This research objective methodology and results are discussed in detail in
CHAPTER 4.
With respect to modeling scroll expander geometry, the technique has evolved from
empirical equations-based CWT scroll modeling to polynomial equation-based VWT modeling
for higher volume ratio in a compact geometry. However, the challenge remains on identifying the
optimal combination of these higher order polynomial coefficients that produce useful spiral
designs and achieve higher volume ratio in a compact design. Since the parameter ranges of these
coefficients are infinite, it is rather difficult and computationally intensive to model all the
geometries and estimate their performance. Further, the random combination of coefficients could
result in increasing, decreasing or constant wall thickness designs. Hence, there is no control over
the scroll design, its wall thickness, and therefore the built-in volume ratio, a key performance
indicator in scroll expanders. To address this challenge, a new modeling approach is needed. To
achieve this objective, a novel approach to model VWT scroll geometry was proposed based on
offset curves from a base spiral and evaluated. The base spiral was generated using empirical
equations, which do not require multiple polynomial coefficients. The methodology for this
modeling approach is presented in CHAPTER 5. Case studies of three different scroll designs are
presented and their performance is also discussed for different working fluids.
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Based on the new developments in ORC, the feasibility of using scroll expanders for
supercritical organic Rankine cycles (s-ORC) must be explored. In s-ORC, the working fluid is
pumped directly to supercritical pressures avoiding the phase change in the vapor dome. This
results in a better thermal match with the heat source, thereby reducing irreversiblities and
improving the cycle performance [3]. Since the scroll expander is strongly dependent on the
working fluid properties, different fluids must be investigated. Zeotropic mixtures were researched
[5]–[7] due to their “temperature glide” during the phase change as the mixture concentration
varies. This behavior reduces the irreversiblities in the cycle and improves the cycle efficiency.
2.5

Research Objectives
Based on the challenges discussed in the literature review, the research objectives are listed

below.
1. Develop maps of scroll expander performance and design geometry in a nondimensional Ns-Ds diagram to aid in rapid screening of the appropriate and better
efficient scroll design for any power generation application.
2. Develop a novel approach to model variable wall thickness scroll geometry that is
computationally less intensive and provides direct control over the wall thickness.
In addition to the above two objectives, additional objectives were developed based on the
new developments in ORC, such as, new working fluids using zeotropic mixtures of organic fluids
and supercritical operation of ORC. Finally, an objective was developed to analyze the use of new
design of scroll expanders in an application using solar energy as the heat source.
3. Investigate the suitability of several pure fluids and zeotropic mixtures with scroll
expanders and in supercritical organic Rankine cycle.
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4. Investigate the dynamic performance of scroll expanders and supercritical ORC
using solar energy as the heat source.
In the CHAPTER 3, models for scroll expander geometry and to estimate the inherent
losses in a scroll expander will be discussed.
CHAPTER 4 describes the mapping of the scroll expander performance for several scroll
geometries and different working fluids in a dimensionless diagram, where expander efficiency is
plotted as a function of two dimensionless parameters. The impact and suitability of different
working fluids for scroll expander is also discussed.
In CHAPTER 5, a novel approach to model variable wall thickness scrolls and their
advantages is presented, including a case study of three different scroll designs and their
performance.
In CHAPTER 6, dynamic models of each component in the supercritical organic Rankine
cycle are developed and the dynamic performance of the expander in a supercritical cycle is
presented.
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CHAPTER 3. SCROLL EXPANDER MODELING

3.1

Scroll Expander Geometry Model7
A scroll expander consists of two scrolls, one fixed and the other orbiting, phased at 180o

to each other forming crescent shaped chambers through which the superheated vapor expands.
There are three types of chambers namely inlet, expansion, and discharge chambers in a scroll
expander. Scroll devices are available in two different designs, constant wall thickness and variable
wall thickness, which can be seen in Figure 3.1 and Figure 3.2. State-of-the-art approaches to
model both these designs were discussed in CHAPTER 2. The expander chamber volume increases
from the inlet chamber to the discharge chamber. Chamber volumes can be calculated using

Figure 3.2: Decreasing wall thickness scroll
geometry.

Figure 3.1: Constant wall thickness scroll
geometry.
7

Part of this work was presented in ASME Power and Energy Conference 2017 [95]
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empirical relations from Chen [50] and Wang et al.,[74] modified for scroll expander. A key
parameter in positive displacement machines, like a scroll expander, is the built-in volume ratio.
𝑑𝑉(𝑖, 𝑗) 𝑉(𝑖, 𝑗 + 1) − 𝑉(𝑖, 𝑗)
=
𝑑𝜃
𝜃(𝑖, 𝑗 + 1) − 𝜃(𝑖, 𝑗)

Figure 3.3: Evolution of chamber volume in
a scroll expander.

(19)

Figure 3.4: 3D representation of constant wall
thickness scroll geometry.

This is defined as the ratio of the volume of the expansion chamber at the end of the
expansion process to that at the beginning of the expansion process and is shown in the equation
(10). The empirical equations for chamber volumes are shown below where φs is the involute angle
at which suction chamber opens to first expansion chamber. The chamber volume increases from
the end of the inlet chamber to its maximum at an orbiting angle φd, when the last expansion
chamber opens to the discharge chamber as can be seen in Figure 3.3 above. A 3D model of scroll
expander with constant wall thickness geometry is shown in Figure 3.4 above, where the orbiting
scroll is in dark brown color. The first order derivative of the chamber volumes with respect to the
orbiting angle can be calculated from the equation (19) above.
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3.2

Leakage Models

3.2.1 Radial Leakage
Two types of leakages, namely, radial and flank leakages occur in scroll expanders. Radial
leakage occurs in the radial direction and between the tips of one scroll and base of the other scroll.
This type occurs between adjacent chambers of different pressures. Due to its mating points and
crescent-shaped chambers, each chamber experiences different pressure difference with the
adjacent chamber on either side of the mating point. The working fluid leaks through the radial
gaps, when there is a pressure difference between the adjacent chambers. For example, if A is the
mating point between the inlet chamber (highlighted in bright red at the center) and the first
expansion chamber at a point during its orbit in Figure 3.5, the working fluid could leak from
chamber 1 to 2’ through the highlighted radial gap from B to C, but not through the gap between

Figure 3.5: Radial leakage illustration.
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A and B, since the adjacent chambers 1 and 1’ are at identical pressures. This leakage flow can be
determined using frictional flow model and the equations (20) to (23) shown below [12], where
Re is the Reynolds number, f is the friction factor, Arad is the radial leakage area, ΔP is the pressure
difference between the adjacent chambers, and tscroll is the scroll wall thickness. Typically, tip seals
are used to minimize this leakage.
𝐷∗𝑣∗𝜌
𝜇

(20)

64
𝑖𝑓 𝑅𝑒 < 1037
𝑅𝑒

(21)

𝑅𝑒 =

𝑓=

𝑓 = 0.35 ∗ 𝑅𝑒 −0.25 𝑖𝑓 𝑅𝑒 ≫ 1037

(22)

2𝜌 ∗ ∆𝑃 ∗ 𝐷ℎ
𝑚̇𝑟𝑎𝑑 = 𝐴𝑟𝑎𝑑 √
𝑓 ∗ 𝑡𝑠𝑐𝑟𝑜𝑙𝑙

(23)

3.2.2 Radial Leakage Area Calculation
The parameter Arad must be determined first in order to determine the radial leakage area.
The radial area is defined as the product of the radial length for different chambers and scroll

Figure 3.7: Radial leakage illustration.

Figure 3.6: Flank leakage illustration.
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height. While scroll height is fixed for a geometry, radial length increases as the arc length
increases in each chamber, i.e. as expansion chamber volume increases. Each chamber’s arc length
extends between two mating points (A to C for the first chamber) as highlighted in Figure 3.5. The
first step to calculate the radial length is to identify the rectangular co-ordinates for the mating
points at each orbiting angle. The distance between the walls of the mating scrolls increases from
the first mating point A to a maximum and then decreases to a minimum at the next mating point
for the chamber at B. The distance between the mating scrolls resembles a sinusoidal wave and
can be seen in Figure 3.8 below. Once the mating points are determined, then the indices of those
mating points at each minimum are determined. The index values represent the co-ordinates of the
respective scrolls at mating points for different orbiting angle values. The next step is to determine
radial length with respect to changes in the orbiting angle. Unlike distance between the mating
scrolls, radial length is a monotonically increasing function and it can be determined by calculating

Figure 3.8: Distance between the mating scrolls.
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the curve length along the coordinates of respective scrolls between the mating points A and B.
Radial length and radial leakage area increases for each chamber as the orbiting angle increases
from 0o to 360o degrees for one complete revolution. It can be seen in Figures 3.9 and 3.10 that
radial length and radial leakage area, Arad exhibit very similar trends. It is important to note that
both scrolls do not have the same origin and have an offset. Hence, this offset must be taken into
account in the distance calculation between the mating scrolls. Further care should be taken to
ensure that the local minima at the inlet chambers are not mistaken as a mating point.

2

2

2

2

𝑑𝑜𝑜−𝑖𝑓 = √(𝑥𝑜𝑜 − 𝑥𝑖𝑓 ) + (𝑦𝑜𝑜 − 𝑦𝑖𝑓 )

𝑑𝑖𝑜−𝑜𝑓 = √(𝑥𝑖𝑜 − 𝑥𝑜𝑓 ) + (𝑦𝑖𝑜 − 𝑦𝑜𝑓 )

(24)

(25)

It can be seen from Figure 3.8 that maxima and minima of the distance plots are identical
(with an offset) for both since it is a symmetrical geometry with three expansion chambers at a

Figure 3.9: Radial leakage length as a function
of orbiting angle.
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Figure 3.10: Radial leakage area as a function
of orbiting angle.

moment during its orbit. The offset between the two peaks is due to the 180o phase difference
between the orbiting and fixed scroll, which essentially creates the crescent shaped chambers.
3.2.3 Flank Leakage
Flank leakage occurs through the gap at the mating points between the two scrolls. This
type of leakage increases due to material wear and can be reduced with lubrication. Flank leakage
gap is assumed constant and the flank leakage gap area, Af can be determined using flank leakage
gap and scroll height. It can be modeled as flow through a nozzle using the equations (26) – (28)
shown below [12], where Af is the flank leakage area, Pc is the critical pressure, Ph is the high
pressure in the preceding chamber, Pl is the low pressure in following chamber, and γ is the heat
capacity ratio.
2

𝛾+1
𝛾

2𝑃ℎ
𝛾
𝑃𝑙 𝛾
𝑃𝑙
√
𝑚̇ = 𝐴𝑓 √
[( ) − ( )
𝑣ℎ 𝛾 − 1 𝑃ℎ
𝑃ℎ

]

𝑖𝑓 𝑃𝑙 > 𝑃𝑐

(26)

1

2𝑃ℎ 𝛾
2𝛾 𝛾−1
𝑚̇ = 𝐴𝑓 √
(
)
𝑣ℎ (𝛾 + 1) 𝛾 + 1

𝑖𝑓 𝑃𝑙 < 𝑃𝑐

(27)

𝛾

2 𝛾−1
𝑃𝑐 = 𝑃ℎ (
)
𝛾+1
3.3

(28)

Under- and Over-expansion Losses
Expander geometries are designed for specific operating conditions called design points.

However, during operation, the system does not operate at the design points due to part-load
conditions, increased leakages etc., Under such off-design operating conditions, there are over- or
under- expansion losses associated with a positive displacement device such as a scroll expander
with a fixed built-in volume ratio. Each geometry has a fixed volume ratio and a corresponding
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pressure ratio for the given operating conditions. These losses can be modeled based on the
expander supply pressure and working fluid exit conditions as given by equations (29) and (30).

3.4

𝑊̇𝑜𝑣𝑒𝑟 = 𝑚̇(𝑃𝑒𝑥 − 𝑃𝑑 )𝑣𝑒𝑥

(29)

𝑊̇𝑢𝑛𝑑𝑒𝑟 = 𝑚̇(𝑃𝑑 − 𝑃𝑒𝑥 )𝑣𝑒𝑥

(30)

Mechanical Losses
Mechanical losses in a scroll expander are mainly due to friction between the scrolls and

in the shaft bearings, namely, journal and thrust bearing. Each of these losses will be discussed in
the following subsections.
3.4.1 Friction between Scrolls
Friction losses can occur tangentially at the mating points or radially between the tip of one
scroll and base of the other. Due to the high temperatures, materials can expand at different rates
and hence friction losses can vary through the expander. These losses can be minimized by using
tip seals and lubricating oils. They can be modeled as a lubricated friction between the scrolls as
given by equations (31) and (32) below [75] where Wf is the work loss due to friction, V is the
linear speed, µ the dynamic viscosity of oil-refrigerant mixture, Af is the frictional contact area,
and hrad is the leakage gap.

𝐹𝑓 =

𝑉 ∗ 𝜇 ∗ 𝐴𝑓
ℎ𝑟𝑎𝑑

𝑊𝑓 = 𝑉 ∗ 𝐹𝑓

(31)

(32)

The suitable or optimal lubrication film thickness and fraction needs to be determined to
maximize the expander efficiency. A sensitivity study for lubricant oil was carried out to
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understand its impact on expander efficiency and is presented in Figure 3.11, where the color bar
represents the change in the expander efficiency. Oil fraction represents the mass fraction of oil in
the oil-refrigerant mixture and is crucial since it reduces friction. Properties for the lubricant
Emkarate RL 100H polyol ester oil were determined using relations developed from datasheet [76]
and experimental testing of POE lubricants by Huber et al [77]. The relations to determine density
and viscosity are given below in equations (33) and (34), where T is the average temperature in
o

C. The oil fraction inside the scroll and bearings that resulted in minimal losses or maximum

expander efficiency was 30% and 70% respectively.
𝜌𝑜𝑖𝑙 = −0.645 ∗ 𝑇 + 975.2

(33)

𝜇𝑜𝑖𝑙 = −0.186 ∗ 𝑇 + 101.1

(34)

The oil fraction inside the scroll and bearings that resulted in minimal losses or maximum
expander efficiency was 30% and 70% respectively.

Figure 3.11: Impact of oil fraction on scroll expander
efficiency.
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3.4.2 Losses from Journal Bearing
Journal bearings are sleeves that are wrapped around the shafts, typically with an oil film
in between them. They are used in scroll expanders to absorb the radial loads caused by the
pressure forces on the scroll walls. The pressure forces act along a normal vector to both inside
and outside scroll walls and vary with the orbiting movement and chamber pressures. Relevant
equations to model the pressure forces acting on the walls are adapted from Bell’s work [78] and
are listed below. The surface area upon which these forces act can be calculated from the equation
(35).
𝑑𝐴 = ℎ𝑠𝑐𝑟𝑜𝑙𝑙 𝑟𝑏 𝑟𝑜 (𝜑 − 𝜑𝑜0 )

(35)

Pressure components in each chamber are computed as described in the section 3.5 below.
Since the surface area is known, force vectors on each wall of the orbiting scroll is given by
equations (36) and (37).
𝑑𝐹𝑖𝑛𝑛𝑒𝑟,𝑜𝑟𝑏 = −𝑃 𝑑𝐴 sin(𝜑) + 𝑃 𝑑𝐴 cos(𝜑)

(36)

𝑑𝐹𝑜𝑢𝑡𝑒𝑟,𝑜𝑟𝑏 = 𝑃 𝑑𝐴 sin(𝜑) − 𝑃 𝑑𝐴 cos(𝜑)

(37)

It is to be noted that each of the force vectors in equations (36) and (37) contains x and y
direction components. The resultant force is the sum of the force vectors in each direction and
oscillates with the change in the orbiting angle.
3.4.3 Losses from Thrust Bearing
Thrust bearing supports the axial loads caused by the fluid forces against the scroll base.
This force tends to move the scrolls apart from each other in the axial direction, which decreases
the work output from the expander. In order to counteract the movement due to the axial or thrust
force, a high pressure fluid in the backpressure chamber is used to maintain axial compliance in
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scrolls. Sizing the backpressure chamber depends on the scroll expander geometry parameters and
the operating conditions. Oil lubrication is commonly used to prevent any direct contact between
the surfaces. The forces are a function of the thrust force and the geometry itself and can be
modeled using the equation (38) above [78], where Fz, Pi, hscroll, and Vi are the net forces, pressures,
scroll height, and volumes respectively of a particular chamber in the expander.
𝐹𝑧,𝑖
𝑉𝑖
=
𝑃𝑖 − 𝑃𝑠ℎ𝑒𝑙𝑙 ℎ𝑠𝑐𝑟𝑜𝑙𝑙
3.5

(38)

Expander Performance Model
The scroll expander performance and variation of thermodynamic properties can be

modeled using continuity and energy differential equations at each discretized orbiting angle. The
properties are modeled for one complete orbit (from 0o to 360o) discretized into 200 points and the
step angle is 0.0314 radians. The performance computation for all the chambers was initialized by
assuming pressure and entropy at the initial orbiting angle, i.e. θ=0o. Pressure was initialized for
the first time step of each chamber as a linearly decreasing function, while the entropy is assumed
to be constant throughout the chamber. Each chamber is modeled individually to incorporate
leakage calculations from one chamber to next chamber. The governing equations (39) and (40)
that are used to determine the changes in mass and internal energy are shown below, where ω is
the angular velocity in radians per second.
𝑑𝑀
1
(𝑖, 𝑗) = (𝑚̇𝑖𝑛 (𝑖, 𝑗) − 𝑚̇𝑜𝑢𝑡 (𝑖, 𝑗))
𝑑𝜃
𝜔

(39)

𝑑𝑈
𝑄̇
𝑑𝑉(𝑖, 𝑗) 1
(𝑖, 𝑗) = − 𝑃(𝑖, 𝑗)
+ (𝑚̇𝑖𝑛 (𝑖, 𝑗) ∗ ℎ𝑖𝑛 (𝑖, 𝑗) − 𝑚̇ 𝑜𝑢𝑡 (𝑖, 𝑗) ∗ ℎ𝑜𝑢𝑡 (𝑖, 𝑗))
𝑑𝜃
𝜔
𝑑𝜃
𝜔

(40)

The parameters 𝑚̇𝑖𝑛 and 𝑚̇𝑜𝑢𝑡 represent the mass flow entering and leaving the chambers
respectively. For example, in the inlet chamber, 𝑚̇𝑖𝑛 is the inlet mass flow rate, whereas 𝑚̇𝑜𝑢𝑡 is
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mass flow leaking through the radial and leakage gaps calculated as discussed in section 3.2. The
first term on the right hand side in the energy equation (40) is heat loss, which was neglected,
while the second term, volume derivative, is dependent on the scroll geometry and is calculated as
described at the end of section 3.1. In the third term, ℎ𝑖𝑛 and ℎ𝑜𝑢𝑡 are enthalpies associated with
the inlet and outlet mass flows, where i indicates the chamber, and j represents a discretized point
during the orbit. After the changes in mass and internal energy for each chamber are determined
for an orbiting angle step using equations (39) and (40), mass and internal energy for the next step
were determined using Euler’s first order equations (41) and (42) shown below. With specific
internal energy and specific volumes, it is possible to determine other key thermodynamic
properties such as pressure, temperature, density, and entropy of the working fluid at this step
using REFPROP [79] fluid database.

𝑀(𝑖, 𝑗 + 1) = 𝑀(𝑖, 𝑗) +

𝑑𝑀(𝑖, 𝑗)
∗ 𝑑𝜃
𝑑𝜃

(41)

𝑈(𝑖, 𝑗 + 1) = 𝑈(𝑖, 𝑗) +

𝑑𝑈(𝑖, 𝑗)
∗ 𝑑𝜃
𝑑𝜃

(42)

𝜂𝑖𝑠 =

𝑣(𝑖, 𝑗 + 1) =

𝑉(𝑖, 𝑗 + 1)
𝑀(𝑖, 𝑗 + 1)

(43)

𝑢(𝑖, 𝑗 + 1) =

𝑈(𝑖, 𝑗 + 1)
𝑀(𝑖, 𝑗 + 1)

(44)

𝑚̇ ∗ (ℎ𝑠𝑢 − ℎ𝑒𝑥 ) − 𝑄̇𝑎𝑚𝑏 − 𝑊̇𝑙𝑜𝑠𝑠
𝑚̇ ∗ (ℎ𝑠𝑢 − ℎ𝑒𝑥,𝑖𝑠 )

𝑊𝑠ℎ = 𝑚̇ ∗ (ℎ𝑠𝑢 − ℎ𝑒𝑥 )
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(45)

(46)

The same procedure is repeated for different chambers in the expander and because the
expansion is a continuous process, properties at the end of each chamber are the same as that at
the beginning of the next chamber. At the end of each iteration, a convergence test (≤0.01oC) for
discharge temperature is carried out and the simulation proceeds with new initial values until
convergence is achieved. The new initial values for pressure and entropy for each chamber are
inherited from the previous iteration. If the convergence is achieved, then the expander efficiency,
work output, and other key performance parameters are evaluated using the equations (45) and
(46) above. Scroll expander efficiency is impacted by different parameters such as pressure ratio,
volume ratio, leakages, and rotational speed. Impact of these parameters is discussed in the
subsequent sections.

Figure 3.12: Scroll expander performance validation.
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3.6

Expander Performance Model Validation
The scroll expander performance was validated based on Declaye’s work [62] in which a

scroll expander with a fixed built-in volume ratio of 2.85 was characterized for over- and underexpansion losses. The superheated working fluid R245fa, enters the inlet chamber at 105oC and
1.2 MPa and the rotational speed was fixed at 2500 RPM. The operating pressure ratio was varied
by changing the exit pressure, which imposes over- or under- expansion losses and the expander
efficiency was modeled for this geometry. The expander efficiency from the model was plotted as
a function of the pressure ratio and compared with Declaye’s estimation as shown in Figure 3.12.
The model determines the efficiency within 1% of Declaye’s estimate at lower pressure ratios and
deviates over 5% at higher pressure ratios. Each expander geometry is modeled for specific design
pressure ratios and deviation from this design pressure ratio causes expansion losses, which effect
the expander efficiency. The radial and flank leakage gaps for this validated model are 10 µm and
50 µm, respectively.

Figure 3.13: Effect of rotational speed on expander
efficiency.
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3.7

Effect of RPM on Expander Efficiency
Rotational speed is a key parameter for the shaft work that can be extracted from the

working fluid and thereby the expander efficiency. Rotational speed was varied between 20008000 RPM, while fixing all the other parameters such as leakage gaps, supply pressures etc., to
understand its impact on the expander performance. The expander efficiency was modeled for each
rotational speed for a scroll geometry with a volume ratio of 4.1 and is shown in Figure 3.13. It
can be seen from Figure 3.13 that there is an optimum rotational speed around 3000 RPM, where
the expander efficiency is at its maximum. Since expander’s peak efficiency occurs around the
grid frequency (50 Hz or 60 Hz), it eliminates the need for a gearbox and its associated costs and
losses. This characteristic makes the scroll expander more suitable and economical for small-scale
power generation (less than 10 kWe).

Figure 3.14: Effect of leakage gaps on scroll expander
efficiency.
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3.8

Effect of Leakages on Expander Efficiency
The leakage gaps in the scroll expander geometry depend mainly on the machining

tolerances and scroll material wear and tear. Tip seals and lubrication by oil are typical ways to
reduce the leakage. Effect of these leakage gaps on scroll expander efficiency was analyzed by
fixing one leakage gap and varying the other gap, while keeping the rotational speed constant at
3000 RPM. An increase in the radial gap of one µm causes about 0.13% decrease in expander
efficiency, while the same increase in flank gap decreases the expander efficiency about 1 %. The
results of the leakage study are presented in Figure 3.14.
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CHAPTER 4. SCROLL EXPANDER PERFORMANCE MAPPING8

4.1

Motivation
The objective is to address the literature gap to understand the impacts of off-design

operating conditions and geometry modifications on scroll expander efficiency. Based on
dimensionless numbers chart, Balje [8] established that positive displacement devices such as
piston expanders are more suitable and efficient than turbomachines for lower power outputs.
Quoilin et al. [13] investigated three different expansion machines such as scroll, screw, and radial
turbines based on their commercial applications. They concluded that scroll expanders are more
suitable for small-scale power output (less than 10 kWe). Olmedo et al. [73] developed expander
performance maps using semi-empirical models and experimental results of reverse-engineered
expanders as a training dataset to develop correlations for expander efficiency. However, it is
important to note that reverse-engineered scroll designs are not ideal for power generation
applications due to their smaller intrinsic volume ratio (less than 2). Oralli et al. [80] compared
cases of reverse-engineered scroll expanders with and without geometry modifications and
concluded that geometry modifications resulted in better cycle efficiency. Therefore, scroll
expander performance maps were modeled and developed in this study, to address the literature
gap in quantifying the impacts of off-design operating conditions and geometry modifications to a
scroll expander. Scroll expander performance maps serve as a preliminary design tool to identify
Part of this work has been published in Energy journal under the manuscript title “Mapping scroll expander
performance for organic working fluids using dimensionless parameters in N s-Ds diagram [96].”
8
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an optimum geometry for a given set of operating conditions. The maps are modeled for different
working fluids and compared with Balje’s turbomachinery diagram based on NS and DS [8].
4.2

Dimensionless Parameters
Balje developed a turbomachinery performance diagram, using two dimensionless

parameters, specific speed (NS) and specific diameter (DS), where turbine isentropic efficiency was
plotted as a function of these two dimensionless parameters. Performances of positive
displacement expanders such as piston and rotary piston expanders were compared with axial and
radial turbines.
Specific speed (NS) is given by the equation (47) where ω is the angular velocity (rad/s),
𝑄̇𝑒𝑥 is the volumetric flow rate at the expander exit (m3/s) and Δhsp is the specific work across the
expander (kJ/kg). Specific speed is a function of rotational speed of the scroll expander and
proportional to the shaft power output. Specific diameter is defined by the equation (48), where D
is the scroll expander diameter.

Figure 4.1: Balje's turbomachinery diagram using dimensionless parameters [45].
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𝑁𝑠 =

𝐷𝑠 =

𝜔 ∗ 𝑄̇𝑒𝑥 2
3
4
∆ℎ𝑠𝑝
1
4
𝐷 ∗ ∆ℎ𝑠𝑝
1
̇
𝑄𝑒𝑥 2

(47)

(48)

An important outcome of NS-DS analysis is to understand the effects of scaling scroll
geometries and different rotational speeds for the same operating conditions. For varying NS,
rotational speeds in the range of 2000-5000 RPM were chosen for this study. Since DS is
proportional to the scroll diameter, in order to model scroll geometries with varying DS, scroll
diameter (dscroll) must be varied. However, scroll diameter is not an independent variable and is
dependent on geometric parameters such as base circle radius and involute angle. The base circle
radius (rb) determines the rate at which the spirals increase from the center, in other words, the
radius of curvature of spiral involutes. Hence, in order to vary scroll diameter, rb was increased
resulting in geometries with different specific diameter values. The modeling methodology for
NS–DS analysis is discussed in detail in the section below. For this study, only single-stage scroll
expander configuration was considered to understand the absolute performance of the geometry.
4.3

Methodology
Each scroll geometry was modeled for the operating conditions that exhibit best first law

efficiency at the design point. The physical diameter of the expander geometry is proportional to
the expander inlet temperature. Higher the expander inlet temperature, larger the scroll geometry,
leading to higher volume ratio and number of expansion chambers. For the design operating
conditions, the objective was to evaluate the expander performance for scroll geometries with
different aspect ratios and different rotational speeds. The aspect ratio of scroll geometry is defined
as the ratio of scroll diameter to its height as given in the equation (49) below.
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𝐴𝑅 =

𝑑𝑠𝑐𝑟𝑜𝑙𝑙
ℎ𝑠𝑐𝑟𝑜𝑙𝑙

(49)

The aspect ratio was varied by varying the base circle radius, rb (used to generate the spiral
involute), which in turn changes the scroll diameter. In order to maintain the same volume ratio,
but different aspect ratio, we take advantage of the inverse relation of rb with scroll height. Hence,
when rb increases (dscroll increases), scroll height, hscroll decreases and vice versa to maintain the
built-in volumetric ratio of the geometry. Once the geometric parameters such as base radius (rb),
scroll height (hscroll), and involute angles (initial and ending angles) are determined, scroll
geometries are modeled as described in section 3.1.
After modeling the scroll geometry, it is important to determine its characteristics such as
chamber volumes and its derivative with respect to the orbiting angle, radial length for leakage

Figure 4.2: Evolution of chamber volume with orbiting angle (in degrees).
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calculations, aspect ratio, scroll diameter, and volume ratio. The evolution of different chamber
volumes with change in the orbiting angle is shown in Figure 4.2.
After the geometry is completely modeled, and all the geometry-specific characteristics are
calculated, the next step is to model the expander performance. The performance model estimates
the shaft work, isentropic, and volumetric efficiencies of each geometry using continuity and
energy equations listed in the Chapter 3. Euler’s first order equation was used to solve the
differential equations, and a convergence test for discharge temperature (≤0.01oC) was carried out
after each iteration. Once the convergence is achieved, the scroll geometry’s isentropic efficiency,
volumetric efficiency and shaft work are computed using the equations (50), (51), and (52) below.
𝜂𝑖𝑠 =

𝑚̇ ∗ (ℎ𝑠𝑢 − ℎ𝑒𝑥 ) − 𝑄̇𝑎𝑚𝑏 − 𝑊̇𝑙𝑜𝑠𝑠
𝑚̇ ∗ (ℎ𝑠𝑢 − ℎ𝑒𝑥,𝑖𝑠 )
𝜂𝑣 =

𝑚̇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑚̇𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

𝑊𝑠ℎ = 𝑚̇ ∗ (ℎ𝑠𝑢 − ℎ𝑒𝑥 )

(50)

(51)
(52)

These geometry model and performance model steps were repeated for several geometries
with different aspect ratios and different rotational speeds. Once the scroll performance
parameters, such as, exit thermodynamic properties, efficiency and specific enthalpy drop are
determined, the dimensionless parameters specific speed (NS) and specific diameter (DS) may be
calculated for each aspect ratio. The expander isentropic efficiency can then be plotted as a
function of Ns and Ds to identify their application domain in comparison with other positive
displacement devices and turbines. Several organic working fluids with critical temperatures less
than 250oC were analyzed for their use with scroll expanders. The expander performance model
was validated against Declaye et al. [62] and is shown in the section 3.6. The algorithm for
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expander performance mapping using the dimensionless parameters NS and DS is given in Figure
4.3 below. Each step is discussed in detail in the subsequent sections.

Figure 4.3: Algorithm for performance mapping of scroll geometries using Ns and Ds
diagram.
4.4

Working Fluids Selection
Working fluids are critical to expander performance and the overall cycle efficiency and

hence need to be selected carefully. Fluid properties such as molecular weight, critical properties,
density, nature of their vapor saturation curve etc., play a significant role in the fluid behavior.
Common working fluids such as R134a, R22, and R410a were preferred due to their better
performance as working fluids in Organic Rankine Cycles and air-conditioning applications [81].
However, hydrofluorocarbons proposed as alternatives to hydrochlorofluorocarbons and
chlorofluorocarbons are already scheduled for phase-out by January 2024 [82], [83]. Hence, there
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is a need to analyze the suitability and performance of low Ozone Depletion Potential (ODP) and
Global Warming Potential (GWP) working fluids in power generation applications. So, primary
criteria for working fluid selection for this study were based on their environmental impact
parameters such as ODP and GWP.
Table 4.1: Properties of selected working fluids with low global warming potential.
Molecular
Composition/Pure Fluid
Fluid

Tc

Pc

Weight
Name

Safety

ξ

Level

(J/kg.K2)

GWP
(oC)

(MPa)

(g/mol)
R436A

0.56Propane/0.44Butane

49.3

116

4.3

3.2

A3

-0.7

R436B

0.52Propane/0.48Butane

49.9

118

4.3

3.2

A3

-0.8

R510A

0.88DME/0.12Butane

47.2

126

5.1

1.2

A3

-1.8

R511A

0.95Propane/0.05DME

44.2

97

4.3

3.2

A3

-2.6

R432A

0.8Propylene/0.2DME

42.8

97

4.8

1.6

A3

-3

R433A

0.3Propylene/0.7Propane

43.5

95

4.4

2.9

A3

-1.9

R433B

0.05Propylene/0.95Propane

44

96

4.3

3.2

A3

-1.5

R433C

0.25Propylene/0.75Propane

43.6

95

4.3

2.9

A3

-1.8

R290

Propane

44.1

97

4.3

3

A3

-3.6

R1270

Propylene

42.1

91

4.6

2

A3

-4.6

RE170

Dimethylether (DME)

46.1

127

5.3

1

A3

-3.3

R600

Butane

58.1

152

3.8

4

A3

-1.2

R600A

Isobutane

58.1

135

3.6

3

A3

-0.4

R601

Pentane

72.2

197

3.4

4

A3

1.3

R601A

Isopentane

72.2

187

3.4

4

A3

1.8

R1234ze

1,3,3,3-tetrafluoropropene

114

109

3.6

6

A2L

-1.1

R1234yf

2,3,3,3-tetrafluoroprop-1-ene

114

95

3.4

4

A2L

-1.5
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Several studies compare the cycle efficiency of pure working fluids with zeotropic
mixtures of various fluids and observed better performance using zeotropic mixtures due to their
lower irreversiblities through the phase change. [5], [6]. Hence, both pure fluids and zeotropic
mixtures were investigated in this study. The list of working fluids is tabulated in Table 4.1 above.
Thermophysical properties such as molecular weight, critical properties, GWP, safety level, and
slope of the saturated vapor curve are also tabulated alongside the fluids. Class 1 represents lower
flammability than Class 2, and Class 3 implies the highest flammability as per ASHRAE standards
[84], [85].
4.5

Results and Discussion

4.5.1 Fluid Screening Based on Required Expansion Ratio
As discussed in earlier sections, properties of the working fluids affect their suitability for
use in power generation applications. Fluids with lower densities requires larger equipment

Figure 4.4: Required expansion ratio for different working fluids.
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resulting in higher system cost, while fluids with higher critical temperatures require higher
volumetric ratios for expanders. Hence, a simple supercritical organic Rankine cycle was modeled
and working fluids’ suitability was analyzed for an expander inlet temperature of 150 oC and a
range of inlet pressures listed in Table 4.2. It can be observed that certain working fluids require
higher expansion ratios for the same inlet temperature. As discussed in section 3.5, the scroll
expander efficiency decreases with an increase in the volume ratio, therefore, the scroll geometries
modeled for further analysis were restricted to volume expansion ratios in the range of 2.5-7 in
view of the computational time.
Table 4.2: Range of simulation parameters.
Model Parameters

Range

Expander inlet temperature, Tin [oC]

150, 200 and 250

Expander inlet pressure, Pin [MPa]

5-8

Pressure ratio, [-]

2-7

Volume ratio, [-]

2.5-7

Scroll height, hscroll [cm]

1.5-7

Expander rotational speed [RPM]

2000-5000

Condensation temperature, Tcond [oC]

45

Pump efficiency, ηpump [%]

80

Any working fluid that resulted in higher expansion ratios than this constraint was rejected.
Butane, isobutane, pentane, and isopentane had much higher requirements for the operating
conditions than the fluids shown in Figure 4.4 and hence are not shown in this figure. Fluids such
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as R436A, R436B, R510A, DME, butane, isobutane, pentane, isopentane, R1234ze, and R1234yf
were rejected based on this constraint. It is interesting to note that fluids with critical temperatures
below 100oC were most suited for the single-stage scroll expander configuration. However, for
higher temperatures and volumetric ratios, multiple-stage configurations and fluids with higher
critical temperatures must be analyzed.
4.5.2 Effect of Aspect Ratio
As defined earlier, aspect ratio is the ratio of scroll diameter to its height. Scroll geometries
with different aspect ratios were modeled by varying the base circle radius. In order to maintain
the same volume ratio, but different aspect ratio, we take advantage of the inverse relation of rb
with scroll height. Hence, when rb increases (dscroll increases), the scroll height, hscroll, decreases
and vice versa to maintain the built-in volumetric ratio of the geometry. This produces a cluster of
scroll expander geometries that range from narrow to wide cylinder designs for each inlet

Figure 4.5: Expander efficiency as a function of aspect ratio.
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temperature and volume ratio. The expander efficiency was modeled for all these geometric
designs using the methodology described in Chapter 3. It can be seen from Figure 4.5 that there is
an optimum aspect ratio for each volume ratio where the maximum expander efficiency is
achieved. This implies that for each inlet temperature or volume ratio, there is an optimum
combination of scroll diameter and scroll height that yields the maximum expander efficiency. It
is also apparent from the figure that optimum aspect ratio values increase with the expander inlet
temperature. For either end of the aspect ratio range, the expander efficiency degrades due to overor under-expansion losses.
4.5.3 Performance Mapping using Ns-Ds Diagram
Three different expander inlet temperatures were chosen for working fluids screened as per
Section 4.5.1. Each inlet temperature corresponds to a unique scroll volumetric ratio and it
increases with an increase in the inlet temperature. For each expander inlet temperature, several
scroll geometries with identical volume ratio, but different aspect ratios, were modeled. Once
scroll geometric parameters and their volumetric capacities were determined, expander
performance was modeled for each geometry based on the description provided in Chapter 3. Key
outputs from the performance model were expander efficiency, thermodynamic properties at the
expander exit, specific speed (NS), and specific diameter (DS). A 2D contour plot of the expander
efficiency as a function of these two dimensionless parameters maps the scroll expander
performance for varying aspect ratios and different rotational speeds. Rotational speed was limited
to 5000 RPM, since the expander efficiency decreased with an increase in the RPM, and the peak
scroll expander efficiency was achieved typically around 3000 RPM. It is to be noted that the
modeled expander efficiency accounts for leakage, mechanical losses, bearing losses, and over- or
under-expansion losses. The expander performance model was validated against Declaye et al.’s
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work where a scroll geometry with a fixed built-in volume ratio of 2.75 was modeled [62]. The
tuned radial and flank leakage gaps for this validated model were 10 µm and 50 µm respectively.
Due to computational limitations, the modeled dataset for about 40 geometries per inlet
temperature, was then interpolated using piecewise cubic Hermite polynomial that preserves the
shape and accuracy of the contour plots. For some working fluids, certain inlet temperatures were
not modeled, as the combination of pressure and inlet temperatures were below their critical
properties, which led to two-phase operation. Performance maps of all working fluids screened as
per section 4.5.1 are presented and discussed below.
For the mixture R433C, the highest expander efficiency of 75% was obtained at an
expander inlet temperature of 150oC. The performance gradually decreases as the inlet temperature
was increased and this performance decrease can be attributed to increased volume ratio or higher
scroll diameters, which results in increased leakage losses. It can be seen from the performance
maps that the efficiency increases and reaches the maximum along the centerline connecting the

Figure 4.6: Performance maps of R433C at 150oC.
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peaks of each contour line, known as the Cordier line. On either side of the Cordier line, the
expander efficiency decreases, which is attributed to sub-optimal geometry and its associated
losses. Any increase in DS represents higher scroll diameters, where expander efficiency decreases
due to higher leakages. It can be seen from Figure 4.6, 4.7, and 4.8 that the diameter and volume
ratio of scroll expanders increases with an increase in the temperature.
Larger scrolls or higher volume ratio does not necessarily mean higher power output. This
is because the pressure ratio in each expansion chamber decreases as the number of expansion
chambers increases. From Figure 4.9, it can be seen that the first expansion chamber (rp=1.8) has
the highest pressure ratio compared to the other chambers (rp=1.4 and lower for second and further
chambers respectively). Hence, the most efficient solution for higher power outputs is multi-stage
expanders, where each stage geometry is optimized for respective design conditions.

Figure 4.7: Performance maps of R433C at
200oC.

Figure 4.8: Performance maps of R433C at
250oC.
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For propane, the best efficiency was also achieved at the expander inlet temperature of
150oC with a volume ratio of 4.1 and their performance maps are shown in Figures 4.10, 4.11 and
4.12. As compared to propane, R433C, a mixture of propane and propylene achieved the maximum
efficiency at the same inlet temperature, but at a smaller volume ratio. This can be confirmed by
comparing lower specific diameter (DS) values for R433C and pure fluid propane in Figures 4.6
to 4.8 and Figures 4.10 to 4.12 respectively. Therefore, using zeotropic mixtures results in lesser
material usage and therefore lower costs. It is to be noted that scroll diameters increase along the
vertical axis of the performance maps, and the scroll height decreases to maintain the same volume
ratio or volumetric displacement. For both working fluids, the lowest efficiency and the highest
volume ratio were obtained at the inlet temperature of 250oC. Specific speed (NS) is proportional
to the shaft work output and decreases as the expander inlet temperature increases, thereby
resulting in lower expander efficiency. From the performance maps, it is apparent that there are
different combinations of NS and DS that achieve same expander efficiency. If NS is fixed, two

Figure 4.9: Pressure profile with changes in orbiting
angle.
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scroll geometries with different DS values can be designed that can operate at same expander
efficiency. It is then the designer’s choice to select geometric parameters feasible for a given
application.

Figure 4.10: Performance maps of propane
at 150oC.

Figure 4.11: Performance maps of propane at
200oC.

Figure 4.12: Performance maps of propane at 250oC.
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Comparing the performance plots generated for scroll expanders with Balje’s
turbomachinery diagram, it is apparent that the scroll expander occupies a unique application
domain in the NS-DS implying its applicability and superior efficiency in small-scale power
generation applications. Scroll expander’s application domain is highlighted in Figure 4.13 and
overlaid on the Balje’s turbomachinery diagram. Propylene exhibits best efficiency of 70% at an
inlet temperature of 150oC and drops to 50% peak efficiency at 250oC inlet temperature. Mixtures
such as R432A, R433A, R433B and R511A exhibit similar efficiencies but with different volume
ratios. The difference in the expander efficiencies and the volume ratios can be attributed to the
fluid properties. The performance maps of other working fluids are provided below.

Figure 4.13: Scroll expander application domain overlaid on Balje's turbomachinery
diagram.
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Figure 4.15: Performance maps of R432A
at 250oC.

Figure 4.14: Performance maps of R432A
at 200oC.

Figure 4.17: Performance maps of R433A
at 200oC.

Figure 4.16: Performance maps of R433A
at 150oC.
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Figure 4.18: Performance maps of R433A
at 250oC.

Figure 4.19: Performance maps of R433B
at 200oC.

Figure 4.20: Performance maps of R433B
at 250oC.

Figure 4.21: Performance maps of R511A
at 200oC.
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Figure 4.22: Performance maps of R511A
at 250oC.

Figure 4.23: Performance maps of propylene
at 150oC.

Figure 4.24: Performance maps of propylene
at 200oC.

Figure 4.25: Performance maps of propylene
at 250oC.
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CHAPTER 5. NOVEL APPROACH TO VARIABLE WALL THICKNESS SCROLL
DESIGN

5.1

State-of-the-art Modeling Approach for Variable Wall Thickness Designs
Scroll expanders are modeled with constant or decreasing wall thickness. Constant wall

thickness (CWT) scrolls are typically modeled using empirical equations with special involute
angles and are involutes of a base circle. Modeling approach and equations for the initial angles
for inner and outer involutes, i.e. angle at which the involutes begin on the base circle, determine
the scroll thickness and hence scrolls designed using this technique have a constant wall thickness.

Figure 5.1: Mathematical description of scroll geometry.
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These scroll designs produce a linear expansion rate through their expansion chambers. In order
to achieve higher pressure or expansion ratio, larger scrolls with higher volume ratio must be
designed, which has a negative impact on the expander efficiency. Variable wall thickness (VWT)
scrolls, particularly decreasing wall thickness (DWT) scrolls, are needed to achieve higher
expansion ratio in a compact device. State-of-the-art techniques to model CWTs were presented
in the Chapter 3, and VWT modeling techniques are discussed below.
Gravesen et al. [53] proposed decreasing the wall thickness to achieve higher volume ratio
in a compact device and thereby achieving better expander efficiency than the CWT designs. Key
advantages of DWT designs over CWT’s are
1. Higher volume ratio
2. More compact device
3. Lower leakages due to its compact nature
4. Higher expander efficiency due to lower leakage losses
5. Lower material usage and thereby lower cost
The mathematical approach to obtain decreasing wall thickness (DWT) in scroll designs
uses a third order [53], [86] polynomial equation or fourth order polynomial [12], [87] function
of radius of curvature to form the base spiral curve and is shown below in the equation (53),
𝑠𝑥 = 𝑐1 + 𝑐2 𝜑 + 𝑐3 𝜑 2 + 𝑐4 𝜑 3 + 𝑐5 𝜑 4

(53)

where sx is the radius of curvature, φ is the involute angle, c1-5 are the polynomial coefficients.
The rectangular X (x, y) co-ordinates of one side of the scroll can be obtained by the
following equation (54).
𝑋(𝑥, 𝑦) = 𝑠𝑥 (cos 𝜑 + 𝜑 sin 𝜑) − ∫ 𝑠𝑥 (−𝑠𝑖𝑛 𝜑 + 𝜑 cos 𝜑)𝑑𝜑
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(54)

The equation above is integrated and simplified which are shown in the following equations
(55), (56), and (57).
𝑋(𝑥, 𝑦) = (𝛼 𝑠𝑖𝑛𝜑 + 𝛽 𝑐𝑜𝑠𝜑, 𝛽 sin 𝜑 − 𝛼 cos 𝜑)

(55)

where α and β are expressed as
𝛼 = (𝑐1 − 6𝑐3 ) + (2𝑐2 − 24𝑐4 )𝜑 + 3𝑐3 𝜑 2 + 4𝑐4 𝜑 3

(56)

𝛽 = (2𝑐2 − 24𝑐4 ) + 6𝑐3 𝜑 + 12𝑐4 𝜑 2

(57)

The base spiral is then translated to create another involute and reflected to generate the
second or mating scroll. This approach requires knowledge of the range of each of the polynomial
coefficients that produce “useful” scroll design without self-intersection. Further, coefficients that
yield more compact and efficient decreasing wall thickness scrolls are unknown a priori. The
approach requires modeling large number of geometries with an infinite parameter range for each
coefficient to identify viable and non-viable scroll designs. Orosz et al. [87] proposed viability
constraints for obtaining viable scrolls and were able to obtain useful scrolls based on these
constraints at a success rate of 0.02 valid scrolls per random parameter set determined. This step
was important since many coefficients produced self-intersecting spirals or overlapping scrolls
that were not desirable. This approach does not provide a direct control to model the desired scroll
design and is computationally intensive.
5.2

Motivation
In order to address this challenge, it was necessary to have an approach that provides

control over the type of scroll design and its wall thickness. A curve offset defined over the entire
curve length can be used to generate other curves by translation and reflection. Curve offsets are
typically used in computer-aided manufacturing to identify the tool path for machining. The curve
offset is generated upon the base curve C(t) using the following equations (58) and (59), where n
is the normal vector representing the distance from the base curve [88].
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The offset distance r can be positive or negative and yields an offset curve on either side
of the base curve co-ordinates.
𝐶𝑟 (𝑡) = 𝐶(𝑡) + 𝑟. 𝑛

(58)

where the parameter “n” is expressed as

𝑛=

𝑦̇ (𝑡)
√𝑥̇ 2 + 𝑦̇ 2

𝑜𝑟

−𝑥̇ (𝑡)
√𝑥̇ 2 + 𝑦̇ 2

Figure 5.2: Algorithm for variable wall thickness geometry
modeling.
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(59)

5.3

Novel Approach to Variable Wall Thickness Design
In this work, a novel approach is presented to model decreasing (or variable) wall thickness

that provides direct control over the wall thickness, is computationally less intensive and does not
have the constraints of the state-of-the-art technique. In our approach, we use the parallel or
thickness offset curves equation from computer-aided design equations (60) and (61) given below
where ‘k’, the offset parameter (i.e. thickness) is explicitly provided as an input to the geometric
model. The offset parameter ‘k’ shall be defined as a constant, decreasing, or increasing vector
function and thus provides direct control over the scroll designs. The terms ‘f’ and ‘g’ are functions
representing the base spiral involute.
If the equations (60) and (61) denote the co-ordinates of one involute, say inner wall (base
spiral curve) of the fixed scroll, the outer wall co-ordinates can be determined by translating
(offset) the above co-ordinates. To determine the co-ordinates of the orbiting scroll, the above coordinates were reflected about a center point for the base spiral. The base spiral curve co-ordinates
were determined using classical equation described in CHAPTER 3. The bounding side of a fixed
scroll can be determined from the following equations, where ‘k’ is the thickness function. The
first order derivatives are defined with respect to change in the involute angles.
𝑥𝑛𝑒𝑤 = 𝑥𝑏𝑎𝑠𝑒 +

𝑦𝑛𝑒𝑤 = 𝑦𝑏𝑎𝑠𝑒 −

′
𝑘 ∗ 𝑦𝑏𝑎𝑠𝑒
′2
′2
√𝑥𝑏𝑎𝑠𝑒
+ 𝑦𝑏𝑎𝑠𝑒
′
𝑘 ∗ 𝑥𝑏𝑎𝑠𝑒
′2
′2
√𝑥𝑏𝑎𝑠𝑒
+ 𝑦𝑏𝑎𝑠𝑒

(60)

(61)

The algorithm to generate scroll geometry using this approach is shown in Figure 5.2 and
discussed in the following section.
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5.4

Minimum Thickness Relation to Material Deflection
Scroll expander walls experience higher pressures at the center than the periphery due to

fluid expansion. Further, pressure ratios for each chamber are highest near the inlet chamber as
shown in Figure 4.9. Hence, the walls should be able to withstand high pressures and pressure
differences between the adjacent chambers without significant deflection or material deformation.
The wall deflection was modeled by assuming the behavior of a cantilever beam subject to a load
and using the following equation where ΔP is the pressure difference across the chambers, h is the
scroll height, δmax is the maximum deflection allowed, and E is the modulus of elasticity of the
material. The minimum wall thickness required at the center is about 4 mm and gradually decreases
to about 1.5 mm. In order to have a safety margin, a slightly higher wall thickness of 2.5 mm is
used at the end of the expander geometry. The required minimum wall thickness is plotted along

Figure 5.3: Required minimum wall thickness along the
expander.
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the scroll in Figure 5.3 and is highest in the chamber 1 to chamber 2, i.e. first and second expansion
chambers. This is because the pressure difference between the first two expansion chambers is the
highest. It is interesting to note that the maximum required thickness is also observed in the first
expansion chamber.
3

𝑡𝑚𝑖𝑛 = √

5.5

5
3 ∆𝑃 ℎ𝑠𝑐𝑟𝑜𝑙𝑙
2 𝐸 𝛿𝑚𝑎𝑥

(62)

Variable Wall Thickness Function
The wall thickness offset parameter can be defined as increasing, decreasing, or constant

wall thickness. The spiral involute length (arc length) was discretized into 5000 points. In all of
the three cases, the scroll geometry consists of only five expansion chambers in order to make
design comparisons. For the increasing thickness design (Design I), the thickness function varies
linearly from 4 mm to 5 mm, while for the decreasing thickness design D, the function decreases

Figure 5.4: Scroll wall thickness as a function of the discretized points of arc
length.
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linearly from 4 mm to 2.5 mm based on the deflection analysis presented in the previous section
5.4. The thickness variation for each design is shown in Figure 5.4.
5.5.1 Design of Variable Wall Thickness Scrolls
The function uses the co-ordinates of a base spiral curve, which can be obtained with the
knowledge of base radius and initial involute angles, which are readily available in the literature.
Using the thickness functions, the scrolls with variable wall thickness were generated as described
in the algorithm in Figure 5.2. The scrolls with increasing WT were obtained using linearly
increasing vector thickness function and decreasing WT using linearly decreasing vector thickness
function. The maximum force experienced by the scroll is at the center, where the working fluid
enters at high pressure. Based on the material deflection study, the minimum thickness at the center
(inlet chamber) to avoid material deflection was assumed to be 4 mm. The decreasing (Design D),
constant (Design C) and increasing (Design I) WT scroll geometries are shown in Figure 5.5, 5.6,
and 5.7 respectively. The wall thickness was exaggerated in Figures 5.5. to 5.7 for visual clarity.
The evolution of chamber volumes for different designs with the orbiting angle is shown in Figures
5.8, 5.9, and 5.10 for designs D, C, and I respectively. Each chamber was modeled separately as
the orbiting angle changes for one complete revolution. At an orbiting angle of about 0.5 radians,
the fourth expansion chamber opens to the discharge chamber and hence volume decrease was
observed for this chamber.
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Figure 5.6: Constant wall thickness
[Design C].

Figure 5.5: Decreasing wall thickness
[Design D].

Figure 5.7: Increasing wall thickness [Design I].

73

Table 5.1: Common geometric parameters for all designs.
Common parameters

Values

Number of expansion chambers

4

Base circle radius, rb

3 mm

Scroll height, hscroll

10 cm

Flank leakage gap

10 µm

Radial leakage gap

50 µm

Rotational speed

3000 RPM

Working fluids

Propane & R433C

Figure 5.8: Chamber volume for design D as a function of
orbiting angle.
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Figure 5.9: Chamber volume for design C as
a function of orbiting angle.
5.6

Figure 5.10: Chamber volume for design I as a
function of orbiting angle.

Design Performance Comparison
The performance was evaluated for all three designs as shown in Figures 5.5, 5.6, and 5.7

to compare different scroll designs for propane and R433C. The inlet conditions of the expander
were 150oC and 7 MPa for both propane and R433C. The key geometric and cycle parameters that
are common to all scroll designs are listed in Table 5.1. Since the four expansion chambers, leakage
gaps, scroll height, and rotational speed were common for all designs, any changes to the
parameters such as volume ratio, pressure ratio, expander efficiency and diameter were due to the
changes in their wall thickness. In this study, the wall thickness was fixed at 4 mm for design C,
varied from 4 mm to 2.5 mm for design D and from 4 mm to 5 mm for design I. For the baseline
design C, the scroll diameter and volume ratio were 19.1 cm and 3.2 respectively. With an rv of
3.2, the geometry achieved an expander efficiency of 74% with a pressure ratio of 2.7. For the
scroll design I, with increasing wall thickness and lower volume ratio (rv=2.8), the performance
decreases compared to the design C. This can be attributed to the increasing thickness from the
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expander’s center to periphery resulting in reduced chamber volumes and thereby resulting in
relatively lower expansion. The design I achieved an expander efficiency of 72%, a 2% decrease
from the baseline design C, at a pressure ratio of 2.4 and diameter of 19.4 cm. A consequence of
increasing thickness could also result in higher material cost.
For the scroll design D, the performance improved by about 3% and 5% compared to the
baseline design C and design I respectively. This is attributed to the decreasing wall thickness from
the center to periphery yielding increased chamber volumes. This allows the working fluid to
expand more thereby resulting in higher shaft work and expander efficiency compared to both
designs I and C. Furthermore, this design also results in higher volume ratio in a much more
compact geometry than the other two designs resulting in lower material usage and lower cost.
The design D achieved an expander efficiency of 77.1% at a pressure ratio of 3.1 with a volume
ratio of 3.75 and a compact scroll geometry diameter of 18.7 cm. The performance of all three
scroll designs (D-decreasing, C-constant, and I-increasing) are tabulated in Table 5-2. The
evolution of key thermodynamic properties such as pressure, temperature, enthalpy, and density
are shown in figures 5.12 to 5.15, figures 5.16 to 5.19, and figures 5.20 to 5.23 at the end of this
chapter for designs D, C, and I respectively. As can be seen in these figures, the properties decrease
at a non-linear rate in the first expansion chamber and becomes linear with increase in the
expansion chambers. Hence, increasing the expander size would not result in increased
performance. The impact of different losses on shaft work are also presented below in Figure 5.11,
where the mechanical losses are significant compared to leakages for this geometry even though
the rotational speed is fixed at 3000 RPM. The lower contribution of leakages could be attributed
to the tuned and fixed leakage gaps. However, the gaps vary during operation due to material wear
or force imbalance leading to non-compliance in axial or radial direction.
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Similar to the above analysis, three different scroll designs (D, C, and I) were modeled for
the zeotropic mixture R433C. A maximum expander efficiency of 78% was achieved for the design
D with a built-in volume ratio of 4.1 at an expansion ratio of 3.2. For similar inlet conditions and
geometric features of design D, R433C exhibited better performance than the pure fluid propane.
Between the three designs for R433C, the lowest expander efficiency of 73.5% was achieved with
the design I for the specific inlet conditions. The best expander efficiency of 78% and shaft work
output of 3.1 kWsh was achieved with the design D for R433C. From the performance mapping
and variable wall thickness objectives discussed in CHAPTER 4 and CHAPTER 5, the zeotropic
mixture R433C exhibits better performance than the pure fluid.

Figure 5.11: Comparison of losses in the design D for propane.
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Table 5.2: Performance comparison of all scroll designs for propane and R433C.
Propane

R433C

Key parameters
Design D

Design C

Design I

Design D

Design C

Design I

Diameter (cm)

18.7

19.1

19.4

18.7

19.1

19.4

Thickness, tscroll (mm)

4 to 2.5

4

4 to 5

4 to 2.5

4

4 to 5

Volume ratio, rv

3.75

3.2

2.8

3.75

3.2

2.8

Pressure ratio, rp

3.1

2.7

2.4

3.1

2.75

2.5

Shaft work, kW

2.7

2.1

1.8

3.1

2.4

2.1

Expander efficiency, %

77%

74%

72%

77.8%

75.3%

73.5%

Figure 5.12: Pressure changes for design D.

Figure 5.13: Temperature changes for
design D.

78

Figure 5.14: Enthalpy changes for design D.

Figure 5.15: Density changes for design D.

Figure 5.16: Pressure changes for design C.

Figure 5.17: Temperature changes for
design C.
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Figure 5.18: Enthalpy changes for design C.

Figure 5.19: Density changes for design C.

Figure 5.20: Pressure changes for design I.

Figure 5.21: Temperature changes for
design I.
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Figure 5.22: Enthalpy changes in design I.

Figure 5.23: Density changes in design I.
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CHAPTER 6. DYNAMIC MODELING OF SUPERCRITICAL CYCLES USING
SCROLL EXPANDER WITH SOLAR HEAT SOURCE

6.1

Motivation
Theoretical models of scroll expanders and the thermodynamic cycle typically assume

steady-state conditions and their performance is optimized for a design point. As such, a higher
cycle efficiency or expander efficiency implies the highest performance only at those operating
conditions. Power plants and their components do not operate at design points and maximum
efficiency at different load conditions. Though dynamic modeling of ORCs with scroll expanders
have been researched, such works have assumed steady-state operation of the expansion units and
neglected the dynamics of scroll expanders [89], [90]. The scroll expander behavior under transient
conditions is key to understanding the cycle performance during part-load operation. Hence, there
is a need to determine the performance of the cycle and expander at off-design conditions. There
are several advantages to dynamic modeling of power plants [89]–[92], such as:
1. Power plant process controls and its deployment strategies may be analyzed and
improved
2. Optimal operating conditions may be determined for maximum cycle efficiency
3. Off-design operating conditions may be improved
4. Equipment lifetime may be improved due to optimal operating conditions
System and component level models for dynamic modeling including a solar field will be
discussed in the following sections. Two different control strategies were evaluated for cycle and
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expander performance for R433C and propane. These two fluids were chosen as they exhibited
maximum expander performance based on the dimensionless mapping analysis presented in the
CHAPTER 4.
6.2

Methodology
In order to determine the dynamic performance of the cycle and a scroll expander, a system

model with all the cycle components and the heat source was modeled. A solar heat source model
was developed to replicate the intermittency and understand its impacts on the component and
cycle performance. Pump and evaporator models were incorporated into the system level
modeling. A variable wall thickness scroll expander geometry suitable for the operating conditions
was modeled. All the component models are parametrized for reusability in a range of design
conditions. The dynamic modeling was carried out using Ebsilon® Professional 14.00 [93]. After
the sub-component and system level modeling was completed, component interactions and system
performance was determined. The flowchart for research objective 4 is shown in Figure 6.1.

Figure 6.1: Methodology for dynamic performance modeling.
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6.3

Physical Modeling of Supercritical ORC and its Components
This section describes modeling of each component in the thermodynamic cycle. The

supercritical cycle consists of a recirculation pump, evaporator, expander, recuperator, and
condenser. The scroll expander geometry sub-system was modeled separately, and its performance
characteristics curve was adopted for off-design calculations. Different types of heat sources were
also modeled for comparative study. The following sections describe the component models.
6.3.1 Pump Model
A pump was modeled using component 8 in the Ebsilon® library with a nominal isentropic
efficiency of 80%. The exit pressure and the mass flow rate were defined using the measured or
start value input component and corresponding pressure difference was calculated internally. The
nominal mass flow and head were determined, and the off-design calculations were carried out
using these nominal capacities and characteristic curves.
6.3.2 Evaporator and Recuperator
Evaporator and recuperator were modeled using the Component 26 in Ebsilon® heat
exchangers library through the effectiveness factor method. A heat exchanger effectiveness of 0.7
was assumed for both evaporator and recuperator. A minimum pinch point of 5 K was used to
avoid any unrealistic heat transfer. The hot and cold fluid side flow arrangement was assumed to
be counter flow and a nominal pressure drop on the cold and hot side was calculated based on the
mass and volume flow in the loop. The fluid properties were determined using the REFPROP fluid
property database [79]. The heat exchangers were assumed to be insulated and the heat losses were
neglected. After each calculation step, the output parameters were verified for any violations in
mass and energy balance.
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6.3.3 Scroll Expander Model and Performance Characteristics
A scroll expander geometry with decreasing wall thickness was modeled based on the
methodology described in Chapters 3 and 5. A base circle of radius (rb) 3 mm, 4 expansion
chambers, and an involute ending angle of 32 radians were used as inputs to the model of the scroll
geometry. Scroll thickness was varied from 4 mm at the center to 2.5 mm at the periphery, while
its height was fixed at 10 cm. Built-in volume ratio of these scroll designs were 4.2 for propane
and 3.9 for R433C, while other key design information is presented in Table 6.1. The expander
performance was modeled as described in the section 3.5 and its performance characteristics was
determined as a function of the pressure ratio for propane and R433C. As seen in Figure 6.2, the
expander efficiency increases to a maximum at an optimum pressure ratio that suits the geometry
and the operating conditions. These performance characteristics were utilized to simulate the
dynamic performance of the scroll expander at part-load conditions.

Figure 6.2: Expander performance as a function of
pressure ratio.
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Table 6.1: Design parameters of the scroll expander for propane and R433C.
Values
Parameters
Propane
R433C
Built-in volume ratio

3.75

3.75

Base circle radius

3 mm

3 mm

Involute ending angle

32 radians

32 radians

Number of expansion chambers

4

4

Scroll thickness

4 to 2.5 mm

4 to 2.5 mm

Nominal pressure ratio

3.1

3.1

Nominal isentropic efficiency

77%

77.8%

Expander inlet temperature (Design)

150oC

150oC

6.3.4 Condenser Model
A water-cooled condenser was modeled using Component 7 in the Ebsilon® component
library. The cooling medium (water) inlet temperature and pressure were assumed to be 30oC and
1 bar respectively. The minimum pinch point on the upper terminal temperature difference was
assumed to be 5 K, while the cycle nominal low pressure was fixed at 15 bar. A nominal pressure
drop of 0.01 bar was used for both the hot and cold sides in the condenser. Nominal capacity of
the condenser based on a design run was about 28 kW.
6.3.5 Heat Source Model
Heat sources such as industrial waste heat and solar were analyzed in this work. A fixed
heat source conditions of 250oC and 10 bars was used to simulate the industrial waste heat with
water as the heat transfer fluid. These values were defined in the model using the measured/start
value component. For steady state models and its optimization, industrial waste heat source was
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used, while the dynamic performance was modeled using solar energy. The solar field model and
component details are discussed in the section 6.5.
6.4

Steady-state Supercritical Rankine Cycle Model
A simple supercritical Rankine cycle with industrial waste heat source at a constant

temperature of 250oC was modeled using water as the heat transfer fluid. The heat transfer fluid
pressure was maintained at 10 bar to prevent steam formation in the collectors. The cycle
performance was modeled for working fluids propane and R433C mixture. The expander volume
ratio for both propane and R433C were 3.75. The scroll expander efficiency was assumed to be
77% and 77.8% for propane and R433C respectively. The generator efficiency and pump
efficiency were assumed to be 95% and 80% respectively. The expander inlet temperature and
pressure were fixed at 150oC and 7 MPa, since better expander performance was observed at these
conditions for both fluids based on the analysis from CHAPTER 4. The pinch point on the
condenser side was assumed to be 5oC and the cold water enters the condenser at 30oC. The cycle
energy efficiency and shaft work output were about 6.7% and 4.2 kW respectively for propane,
while they were 7% and 4.3 kW respectively for R433C. The cycle components and the physical

Figure 6.3: Steady state model with water as HTF and propane as WF.
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Figure 6.4: Recuperator added to preheat the working fluid.
model are shown in Figure 6.3. A recuperator was introduced to preheat the liquid refrigerant
entering the evaporator with the minimum hot side temperature difference of 10oC as shown in
Figure 6.4. This improved the cycle energy efficiency to 7.7% for R433C and to 7.4% for propane
with no changes to the shaft work output.
6.4.1 Steady-state Optimization
The cycle operating conditions were optimized for maximizing energy efficiency by
varying the supply pressures and hot side temperature difference between the ranges tabulated in
Table 6.2. A minimum pinch point of 5oK was used as a constraint for the hot side temperature
difference. Operating conditions were optimized using different techniques such as genetic
algorithm, steepest descent, and conjugate gradient methods to avoid the local extrema.
Table 6.2: Parameter ranges for cycle optimization for both R433C and propane.
Parameters
Ranges
Supply pressures (MPa)

6-10 MPa

Hot side temperature difference in evaporator (oC)

90-110
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A Genetic Algorithm technique was used for optimization with a population size of 15,
crossover probability of 0.6, and mutation probability of 0.5. The optimization termination for the
genetic algorithm was based on convergence of the objective function (≤1E-05) rather than an
arbitrary number of generations. A tolerance of 1E-05 was used for the two non-linear descent
optimization techniques, conjugate gradient and steepest descent.
Table 6.3: Optimization results for both working fluids.
Genetic
Conjugate
Steepest Descent
Parameters

Algorithm
Propane R433C

Supply pressure (MPa)

Gradient
Propane

R433C Propane R433C

7.2

6.5

7.0

6.1

7.0

6.1

91.2

91

91

91

91

91

Supply temperature (oC)

158.8

159

159

159

159

159

Optimum cycle efficiency (%)

8.3%

8.6%

8.3%

8.5%

8.3%

8.5%

Hot side terminal temperature
difference (oC)

The cycle efficiency was maximized for both of the working fluids based on the same
parameter ranges using the optimization routine. Propane and R433C achieved an optimum energy
efficiency of 8.3% and 8.6% respectively. The optimized evaporating pressure and temperature
for R433C are 6.1 MPa and 159oC respectively, and for propane, these parameters are 7.1 MPa
and 159oC respectively. The mixture exhibits better performance than the pure fluid due to its
better thermal match during the phase change process in the condenser. The results for each
working fluid and different optimization techniques are shown in Table 6.3.
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6.4.2 Control Strategies to Maximize Cycle Energy Efficiency
During off-design conditions, the performance of each component and the overall cycle
decreases. In order to reduce this impact, the following control strategies were investigated to
maximize the cycle energy efficiency:
1. Control working fluid flow rate to maintain an optimal evaporating temperature
2. Control working fluid flow rate to maintain an optimum expander supply pressure
The controls were established using component 39 in the software library, where the flow
rate was controlled to achieve a specified target value. The specified target value was the expander
supply condition from the system optimization. The controller activation type was set to start
immediately along with the simulation and an initial start value of 0.1 kg/s was assumed. The
controller component characteristic was set depending on the relation between the set and
controlled variables. For example, if the set variable was pressure and control variable was flow
rate, then a negative controller characteristic was used. Further, controller was used along with a
separator component to avoid over-determination errors during mass and energy calculations. The
control strategies were evaluated based on the optimized working conditions from section 6.4.1

Figure 6.5: Solar field integrated with the power cycle.
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6.5

Solar Field Modeling
In order to evaluate the scroll expander and cycle’s dynamic performance with a dynamic

heat source, the solar resource daily variation and intermittence needs to be accounted. A solar
parabolic trough field was modeled using component 116 in Ebsilon®, which combines the
collectors, interconnecting pipes, collecting, and distributing header pipes. The desired outlet
temperature was 250oC and the solar field flow rate was varied (using controller component 12)
with changes in DNI to achieve the desired target temperature. End losses were neglected, while
the heat losses through the absorber tube was modeled using the collector’s performance
characteristics. The physical component 117 was used to calculate the DNI values. The solar field
model was then integrated with the supercritical cycle system model and is presented in Figure
6.5. Time-series calculation in Ebsilon® was used to simulate hourly solar radiation levels for
several days in a year. Key parameters of the solar field are tabulated in Table 6.4. The dynamic
performance analysis was discussed for a day in summer (June 15) and winter (December 15).
However, cycle performance and radiation data for other months are presented in the Appendix B.
The DNI data was plotted against time and is shown in Figure 6.6 for June 15 and December 15.

Figure 6.6: Solar radiation data for June 15 and December 15.
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6.5.1 Controllers
The mass flow controller was modeled using component 12, where the desired or set
variable was referenced using the measured value input component in the library. A negative flow
characteristic was used and the heat transfer fluid (HTF) flow rate was varied as per the changes
to DNI to achieve the desired solar field outlet temperature. If the controller does not converge to
an appropriate flow rate for the given DNI after 100 iterations, then a correction factor was applied
to the calculated flow rate value to prevent oscillation in the variable.
Table 6.4: Solar field key parameters.
Parameters
Values

6.6

Number of collectors

10

Collector unit length (m)

6.1

Aperture width (m)

2.3

Focal length (m)

0.76

Unit collector net aperture area (m2)

13

Solar field net aperture area (m2)

130

Peak optical efficiency

70%

Latitude & longitude

27.97o N & 82.45oE

Heat transfer fluid

Water

Dynamic Modeling with Solar Heat Source
A time-series dialog was used to evaluate the dynamic performance of the cycle and its

components as the solar radiation fluctuates. However, due to low insolation levels, required heat
input may not always be achieved, especially during the early mornings or in the evenings. This
intermittency in solar radiation results in power block components operating at part-load
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conditions, thereby leading to lower system efficiency. Hence, two different control strategies were
evaluated in this section based on the steady-state optimization results discussed in the section
6.4.1. Expander supply pressure and temperature were optimized over a range of values to
maximize the energy efficiency and the optimized parameters were tabulated in Table 6.3. The
following control strategies were evaluated for both propane and R433C.
1. Control strategy I: Vary working fluid flow rate to achieve optimized Tsu
2. Control strategy II: Vary working fluid flow rate to achieve optimized Psu
On each day, the dynamic simulation was carried out from 9 AM to 6 PM (local time) and
the HTF flow rates were controlled to achieve the desired set point. For propane, using control
strategy I, a maximum energy efficiency of 4.5% and exergy efficiency of 10.6% was achieved on
June 15, as shown in Figure 6.8. Irreversiblities in the evaporator were considered for determining
the exergy efficiency. The performance drop in the early mornings and late evenings can be
attributed to low radiation levels. Similar trends were observed for heat input and net work output
as can be seen in Figure 6.9 and the scroll expander efficiency varied between 44% and 52%
throughout the day depending on the insolation levels. The maximum net work output from the
cycle was about 2.4 kW. The performance was simulated for propane and plotted against time on
December 15 and is shown in Figure 6.10 and 6.11. The performance was slightly lower compared
to June 15, primarily due to lower insolation levels. The controller was still able to achieve the
desired target temperatures in the solar field and power cycle, but due to low flow rates, the heat
flow was also low.
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Figure 6.7: Variation of HTF fluid flow rate with DNI changes.

Figure 6.8: System efficiencies using control strategy I for propane on June 15.
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Figure 6.9: Heat in and net work output using control strategy I for propane on June 15.

Figure 6.10: System efficiencies using control strategy I for propane on December 15.
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Figure 6.11: Heat in and net work using control strategy I for propane on December 15.
The lower exergy efficiency on December 15 also points to lower useful energy available
for energy conversion. With control strategy I, a maximum net work of 2 kW was achieved on
December 15 with a heat input of about 52 kWth, while the corresponding maximum energy and
exergy efficiencies were 3.8% and 9% respectively.
The dynamic performance was simulated for R433C using the same control strategy I and
the results are plotted in Figure 6.12 to 6.15. The cycle energy efficiency was slightly higher (about
0.3%) for R433C compared to propane on June 15, while both fluids exhibited similar performance
during December. The maximum net work of 2.5 kW and 1.9 kW was achieved in June and
December with a maximum exergy efficiency of 11% and 9% respectively.
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Figure 6.12: System efficiencies using control strategy I for R433C on June 15.

Figure 6.13: Heat in and net work using control strategy I for R433C on June 15.
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Figure 6.14: System efficiencies using control strategy I for R433C on December 15.

Figure 6.15: Heat in and net work using control strategy I for R433C on December 15.
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For control strategy II, supply pressure was controlled by varying the working fluid flow
rate with positive controller characteristics. Controlling the supply pressure as close to the set point
avoids any under- or over-expansion losses and thereby any impact on the expander performance.
For propane, maximum energy and exergy efficiencies of 4% and 10% were achieved during June.
This performance was slightly lower (about 0.2%) than that of the control strategy I using Tsu.
While cycle performance was lower with strategy II, the expander performance was consistent
throughout the year for strategy II with 50-52%, in contrast to the variation of 44-53% in strategy
I as shown in Figure 6.16. The cycle performance plots for propane are presented in Figure 6.17
to Figure 6.20. A maximum net work of 2.2 kW was achieved during June, in contrast to only 0.8
kW during December. For R433C, the strategy II showed about 0.5% better cycle performance

Figure 6.16: Expander efficiency compared for control strategies I and II for
R433C and propane.
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than strategy I during June, while it was the opposite during December (1.5% difference). This
could be attributed to lower insolation levels in the winter, during which controlling the expander
supply temperature (control strategy I) provides better cycle performance. During summer,
controlling the expander supply pressure results in better expander and cycle performance. A
maximum cycle efficiency of 4.8% was achieved with this control strategy for R433C with net
work as high as 2.8 kW. The cycle performance plots for R433C are shown in Figure 6.21 to Figure
6.24. Key conclusions from the two different strategies are
1. For both control strategies, R433C showed better cycle performance than propane.
This may be attributed to lower irreversiblities during phase change with R433C
compared to pure fluid.
2. Control strategy I exhibited 1.3% better cycle energy efficiency than control
strategy II during December for both fluids. This may be attributed to the use of
control strategy I during lower solar insolation levels in December.
3. Expander performance was better consistently throughout the year when using
control strategy II than the first one. This is due to the controlled supply pressure
leading to optimum pressure ratios thereby improving expander performance.
4. A combination of these two strategies along with zeotropic mixtures as working
fluids can be implemented during summer and winter for better overall annual
performance.
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Figure 6.17: System efficiencies using control
strategy II for propane on June 15.

Figure 6.18: System efficiencies using control
strategy II for propane on December 15.

Figure 6.19: Heat in and net work using
control strategy II for propane on June 15.

Figure 6.20: Heat in and net work using
control strategy II for propane on
December 15.

Figure 6.21: System efficiencies using control
strategy II for R433C on June 15.

Figure 6.22: System efficiencies using control
strategy II for R433C on December 15.
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Figure 6.23: Heat in and net work using
control strategy II for R433C on June 15.

Figure 6.24: Heat in and net work using
control strategy II for R433C on
December 15.
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CHAPTER 7. CONCLUSION AND FUTURE WORK

7.1

Summary and Conclusion
The scroll expander geometry was developed using empirical equations and losses due to

leakage, mechanical, and expansion were modeled. The performance of scroll expanders was
modeled and analyzed for three different expander inlet temperatures for pure fluids and zeotropic
mixtures. Several hundreds of scroll geometries with different aspect ratios were modeled for each
inlet temperature. The change in the thermodynamic properties from inlet to discharge was
determined using the mass and energy balance governing equations. Performance indicators such
as expander efficiency, specific speeds, and specific diameters were determined using the
thermodynamic properties and mass flow rates at the expander exit. The expander efficiency was
then plotted as a contour function of specific speed and specific diameter to understand the impacts
of scaling scroll geometry and the advantages of optimal design for a given application. Some of
the key findings are:
1. An expander efficiency of 76% was achieved at an expander inlet temperature of
150oC for both propane and R433C.
2. Zeotropic mixtures require smaller volume ratio and scroll size than pure fluids for
achieving similar or better expander performance.
3. Fluids with high critical temperatures tend to require higher built-in volume ratio,
which has a negative effect on scroll expander performance.
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4. The scroll expander occupies a unique region in the NS-DS turbomachinery diagram
within which they can achieve expander efficiency of about 78% with a suitable
design for an application.
The second part of this work focused on developing a novel approach for modeling variable
wall thickness scroll geometry. Three different scroll designs with decreasing (Design D),
increasing (Design I), and constant wall thickness (Design C) were modeled using the thickness
offset approach. The performance of each scroll design was modeled for expander inlet conditions
of 150oC and 7 MPa for propane and R433C. Some of the key findings are:
1. The thickness offset approach provides direct control over the scroll geometry
design and its wall thickness compared to the other modeling techniques.
2. The design D achieved maximum expander efficiencies of 77% and 77.8% for
propane and R433C respectively with a volume ratio of 3.8 and a compact scroll
diameter of 18.7 cm. The improved performance over designs C and I can be
attributed to lower leakages associated with a compact scroll design.
3. The lowest efficiency of 72% was observed for the design I with the lowest volume
ratio of 2.8 for propane. While the design I had the largest physical diameter of 19.4
cm, its built-in volume ratio was the lowest of the three designs. Lower volume
ratio coupled with larger diameter has a negative effect on the expander
performance.
4. The proposed modeling approach does not involve determining several optimal
polynomial coefficients for a scroll design and is computationally less intensive.
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5. The wall thickness was calculated for specific operating conditions in the expander
to prevent any wall deflection, which could increase the leakage gap or friction
resulting in loss of performance.
Finally, the dynamic performance of supercritical organic Rankine cycle was modeled to
evaluate the impact of the expander’s off-design performance on the cycle. The scroll expander’s
off-design performance was characterized as a function of the pressure ratio, and it was determined
that a peak expander efficiency was achieved at an optimal pressure ratio. This optimum pressure
ratio leads to minimum expansion losses, thereby resulting in maximum expander efficiency. The
cycle operating conditions such as the expander inlet temperature and pressure were optimized for
maximizing cycle energy efficiency using different optimization methods. For Propane as the
working fluid, the optimized expander temperature and pressure were 159oC and 71 MPa with a
maximum cycle efficiency of 8.3%, while for R433C as the working fluid the maximum cycle
efficiency was 8.6% at the inlet conditions of 159oC and 63 MPa. Dynamic performance of the
cycle was modeled using solar radiation as the heat source. Two control strategies namely, control
strategy I (to target optimized Tsu) and control strategy II (to target optimized Psu) were evaluated
during off-design operation. The working fluid flow rates were controlled to achieve the desired
set point in each strategy. The key findings for these strategies were:
1. In both control strategies, R433C achieved better cycle performance (about 0.5%)
than the pure fluid propane. This may be attributed to lower irreversiblities during
phase change with R433C compared to pure fluid.
2. In December, control strategy I exhibited 1.3% higher cycle energy efficiency and
about 3% higher exergy efficiency than the control strategy II. This can be
attributed to achieving the desired inlet temperature during low insolation periods.
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3. Expander efficiency was consistent throughout the year at around 52% for strategy
II, while it varied between 44% and 53% in control strategy I. The better expander
performance from strategy II is due to expander supply pressure control leading to
operating conditions close to the optimal pressure ratio for the scroll geometry,
which improves the expander efficiency.
4. A combination of these two strategies could be implemented during the summer
and winter for better overall annual production using zeotropic mixtures.
7.2

Future Work
Future work on scroll expander design and improvements should focus on investigating

alternative spirals for achieving higher volume ratio in a compact device, supercritical
applications, alternative thermodynamic cycles, and CFD flow simulation.
State-of-the-art scroll designs use a spiral from a base circle or from the polynomial
equations approach. Adopting spirals with non-linear increase in radius of curvature could result
in greater volume ratios in a compact device. However, determining the orbiting radius for such
spirals could be a challenge due to the change in the radius of curvature.
The scroll expander’s suitability should be investigated for additional working fluids,
especially, supercritical or trans-critical CO2, since its typical pressure ratio is about 2-4 [94], an
ideal application for scroll expanders with inherently low built-in volume ratios compared to other
positive displacement expanders.
Further, application of scroll expanders should be investigated for other thermodynamic
cycles to utilize waste heat sources such as the Goswami cycle. Prior works employed reverseengineered scroll expanders using the Goswami cycle, which exhibited lower expander efficiency.
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A scroll expander designed for specific operating conditions around the cycle can achieve greater
expander efficiency, thereby increasing the overall system performance.
The changes in fluid properties were modeled by solving mass and energy equations for
each chamber in this work. It would be useful to investigate the spatial distribution of flow and
leakages visually using CFD simulations of a 3D scroll geometry. The challenge in CFD
simulation is to model the orbiting motion and its impact on the fluid flow and the effect of
refrigerant-oil mixture.
Finally, it is very important to fabricate scroll expanders based on the proposed design and
experimentally verify the performance in order to evaluate the practical viability of the proposed
scroll expander design.
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APPENDIX A. NOMENCLATURE

A.1 Key Process Parameters
A - area, m2
c - critical
D - scroll diameter, m
e - electrical
f - friction factor
h - height (m) or specific enthalpy (kJ/kg)
L - arc length of the involute, m
Q - heat, kJ/kg
𝑄̇ - volumetric flow rate, m3/s
P - pressure, bars or MPa
r - radius, m
Re - Reynolds number
s - entropy
t - thickness
T - temperature, oC
U - flow velocity, m/s
v - specific volume, m3/kg
V - linear speed, rad/s
116

W - specific work, kJ/kg
A.2 Acronyms
CWT - Constant Wall Thickness
GWP - Global Warming Potential
HC - Hydrocarbons
HFO - Hydrofluoroolefins
HO - Hydro olefins
NER – Normalized Expansion Ratio
ODP - Ozone Depletion Potential
RPM - Rotational Speed
ORC - Organic Rankine Cycle
VR - Volume Ratio
VWT - Variable Wall Thickness
A.3 Symbols
η - efficiency
γ - specific heat ratio
ω - angular velocity, rad/s
ϕ - involute angle, radians
θ - orbiting angle, radians or degrees
ρ - density, kg/m3
μ - dynamic viscosity, mPa.s
ξ - slope of the vapor saturation curve, J/(kg.K2)
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A.4 Subscripts
amb - ambient
b - base circle
c - critical point
d - discharge at design condition
ex - actual exit of expander
exit - cycle operating exit condition
exp - expander
ex,is - isentropic exit of expander
f or flnk - flank
fric - friction
h - high pressure side
hy - hydraulic
i - scroll chambers index
is - isentropic
j - orbiting angle discrete steps
in - inlet of chamber or expander
l - low pressure side
loss - loss
net - net quantity
o - over-expansion or orbiting
out - outlet of a chamber
pump - pump
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rad - radial leakage
s - specific dimensionless quantity
sh - shaft
sp - specific
su - supply
th - thermal
u - under-expansion
1,2,3,4 - thermodynamic state points
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APPENDIX B. COPYRIGHT PERMISSIONS

The permission below is for the use of material in Chapter 3.
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The permission below is for the use of material in Chapter 4.
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APPENDIX C. DYNAMIC MODELING RESULTS FOR MARCH AND
SEPTEMBER

.

Figure C.1: Cycle efficiencies on March 15
for propane using control strategy I.

Figure C.2: Cycle efficiencies on September
15 for propane using control strategy I.

Figure C.3: Heat in and net work on March 15
for propane using control strategy I.

Figure C.4: Heat in and net work on
September 15 for propane using control
strategy I.
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Figure C.5: Cycle efficiencies on March 15
for R433C using control strategy I.

Figure C.6: Cycle efficiencies on September
15 for R433C using control strategy I.

Figure C.7: Heat in and net work on March 15
for R433C using control strategy I.

Figure C.9: Cycle efficiencies on March 15
for propane using control strategy II.

Figure C.8: Heat in and net work on
September 15 for R433C using control
strategy I.

Figure C.10: Cycle efficiencies on September
15 for propane using control strategy II.
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Figure C.11: Heat in and net work on March
15 for propane using control strategy II.

Figure C.12: Heat in and net work on
September 15 for propane using control
strategy II.

Figure C.13: Cycle efficiencies on March 15
for R433C using control strategy II.

Figure C.14: Cycle efficiencies on September
15 for R433C using control strategy II.

Figure C.15: Heat in and net work on March
15 for R433C using control strategy II.

Figure C.16: Heat in and net work on
September 15 for R433C using control
strategy II.
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Figure C.17: DNI for March and September 15.
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